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ABSTRACT
The purpose of this study is to find the design tool to create a soft tissue 3D model able to 
be used for finite element analysis to simulate the facial soft tissue deformation under g- 
loading and the helmet and maslc/tissue interaction. Such a model will be of value in the 
design of new helmets and oxygen mask system, to reduce the effects of inertia, to 
provide improved fit, to minimise oxygen lealcage especially when deformed under high 
g- loading. This work is concerned with the creation of a 3D geometric model. Further 
work may involve the measurement of mechanical properties of the facial soft tissue, 
finite element analysis and validation of the model.
Using high fiequency A-scan ultrasound allows the superficial tissue to be measured on 
volunteers without risk. The investigation covers 112 points on half o f the face, linlced to 
11 defined morphological zones. The zonal boundaries are based on previous research 
and are initially identified by inspection and palpation of the face. There is large 
thiclaiess range difference (30%) over the face in most zones defined in an individual. 
The iso-thiclcness zone hypothesis is not valid if the ‘constant’ thickness criterion is set to 
be 10% for all zones.
Software algoritlim for automatically detecting the facial soft tissue thickness is 
developed and validated to be effective (5% fail rate). Thiclaiess data is acquired from 
European white males, females and Chinese males. The data collected in this study is also 
useful in forensic science for facial reconstruction purpose.
Laser scamiing method has been used to obtain the facial smface profile to create a 
surface model into which the soft tissue layer thiclaiess distribution around tire face can 
be incorporated. The surface model is exported in IGES format and can be imported in 
CAD software.
Electromagnetic space locating method is used to acquire the ultrasound probe position 
so as to find the position of the tissue thiclaiess. Point-based registration method is used 
to integrate the ultrasound thickness data into the laser scanned surface model to create a 
soft tissue shell solid model. The model is exported in IGES data format so that it can be 
imported into a finite element analysis package for further processing.
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Chapter 1 Introduction and Summary
1 Introduction and Summary
1.1 Purpose o f the Study
This study is concerned with the creation of a facial soft tissue 3D model. The model is 
intended for use in the design of aircrew helmets, specially, to provide a design tool to 
create which can be used for finite element analysis (FEA) to simulate the facial soft 
tissue deformation under g-loading and helmet and maslc/tissue interaction. The design 
requirements are associated with the need to reduce the effects of helmet inertia, to 
provide improved fit, to minimise oxygen leakage from the mask under high g-loading. It 
is expected that the next generation of aircrew may experience g-loading as high as 10 g.
Thi'ee things are essential to the finite element analysis of the helmet/soft tissue 
interaction. One is a detailed 3D geometric model of the facial tissue; the other is the 
laiowledge of the mechanical properties of the soft tissue. Finally is the validation of the 
model.
The philosophy underlying this study is aimed at:
® A measurement method so that detailed population studies can be quickly achieved to 
provide an aggregated, anthropometric, statistical data for representative populations.
• Direct link to a 3D FEA package so that simulation can be done, based on the 
acquired dimensional tissue database.
The creation of a 3D facial soft tissue model as described in this thesis is believed to be 
original and relevant for FEA modelling as a design tool. The main aim of this PhD study 
is to find a way to create a 3D facial soft tissue model, to measuie tissue thiclaiess as part 
of this model. A proposed model is described and evaluated.
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1.2 Stability and Slippage o f Helmet and Oxygen Masks
Aircrew helmets are used initially to protect the aircrew during crash or ejection. The 
visors on the helmet are used to protect the aircrew eyes against laser light and the oxygen 
mask is to supply oxygen during flight, especially under pressure breathing.
In recent years, the role o f the flying helmet has developed from being a device for 
aircrew protection and communication to include the mounting of sophisticated optics for 
night vision, visual display, eye control target sighting and target designation systems. 
With such developments, the degree o f helmet slippage has become increasingly 
important, as even small displacements of the helmet on the head may lead to decrement 
in system (and hence aircrew) performance. Helmet and helmet-mounted display (Figure 
1.1) slippage may result in image movement on the retina, which may affect the visibility 
of the display, for example 17s retinal motion has roughly the same effect on acuity as 
does 3D of myopia (Van Nes, 1968).
High Perform ance Aircrafl H elm et M ounted D aplay  R esea rchhUtoK Langley R esea rch  C en ter lE /4/1991 im age •  EL-199(1-00017
Figure 1. 1 Head Mounted Displays (NASA Langley Research Centre).
Helmet Mounted Display (HMD) makes the helmet heavier and changes its centre of
gravity as a consequence o f which the soft tissues on the face experience increased
compression, extension and torsion. Even when the aircrew has no HMD on the helmet, 
the soft tissues are deformed and it is not comfortable for the aircrew.
Figure 1.2 shows the author wearing the Mark 4A (MK4A, Helmets Limited,
Wheathampstead, Herts) with and without oxygen mask. We can notice that the soft
2
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tissues in the maxillofacial area are deformed and discomfort is experienced not only 
from the weight of the helmet, but also from the tight fitting of the oxygen mask.
Shafer (1988) reported from incidents with two aircrew that whenever they pulled more 
than about 3 g the mask slid down over their nose and the helmet came down over their 
eyebrows because the helmet was one of the old styles and was uncomfortable and 
noticeably heavy.
Figure 1. 2 The author wearing the MK4A helmet with and without oxygen mask.
One method used recently to reduce the helmet and oxygen mask slippage under high g is 
the Centex HGU-55/P combat edge system (Appendix B). When a g sensor senses 
increasing pressure beyond the operational threshold level of 4 g, air is sent to the mask- 
tensioning bladder in the rear of the helmet. As the bladder inflates, the mask becomes 
tighter to the face, so it does not slide down. For loading under 4 g, the bladder is 
deflated, some slippage occurs.
The helmet can move about on the head due to looseness o f the skin, or move with 
respect to the skin due to g-loading, vibration, buffeting, or may just be caused by visual 
tracking head motion (Neary et al., 1993). Although It is found that rigorous helmet 
fitting techniques such as custom-moulded helmet liners could reduce helmet slippage, 
slippage of the helmet relative to the skull still occurs because of the looseness of the skin 
and other soft tissues. It is important therefore for designers to consider the link between
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the helmet slippage and skin looseness, and the possible effects on performance, before 
designing a helmet-mounted system for a particular application.
It follows that investigation, of the behaviour of facial soft tissue deformation under g- 
loading; pressure between helmet, oxygen mask and skin; and the slippage on the skin 
between helmet and oxygen mask under g-loading; is important for the design of helmet 
and oxygen mask.
1.3 Mathematical Modelling Methods
In order to find the facial tissue deformation under g-loading and mask tissue interaction 
experimentally, aircrew need either to be in a centrifuge machine experiencing high g- 
loading, or have in-flight testing carried out. The dangers inherent in human testing at 
high acceleration/deceleration levels, and absence of a dummy which accurately and 
totally simulates human responses, makes mathematical modelling an attractive 
alternative to full-scale testing. However, satisfactory validation data which would 
establish mathematical models, including soft tissues, as an adequate human analogue has 
not yet been achieved, due to the complexity of the various body interactions as well as 
the paucity of precise human data at these levels (Frisch et ah, 1977). The absence of 
extensive, well foimded data remains at this time.
Maxillofacial soft tissue deformation under pressure and g-loading poses a complex tlnee- 
dimensional dynamic boundary value problem. The internal biomechanical responses of 
the tissue cannot be completely measured by experimental teclmiques. For example, 
dynamic loading of the soft tissue induces three dimensional transient stress patterns. 
Transducers camiot be easily placed within the valions layers of tissue in the human body 
to measuie such transient stress patterns experimentally. Hence, other methods are needed 
for such a complex problem.
Two types of mathematical modelling approach that differ according to their formulation 
and solution are analytical and numerical. Analytical models formulate a set of explicit 
mathematical governing equations, based on the principles of mechanics, and give closed- 
forni solutions in terms of mathematical functions. This approach is often limited to 
problems with relatively regular geometry, simple bomidary conditions and homogeneous
4
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material properties, owing to mathematical difficulties in formulation and solution. 
Numerical approaches, such as finite element analysis (FEA) methods, approximate the 
analytical solution with a numerical procedure. FEA solves complex problems by 
redefining them as the summation of the solutions of a series of interrelated simpler 
problems.
The FEA method has two basic featmes. Firstly, a geometrically complex material region 
(domain) of the problem is represented as a collection of simple sub-domains called finite 
elements. Secondly, over each finite element, approximation functions are derived using 
the basic idea that any continuous fluiction can be represented by a linear combination of 
algebraic polynomials. An FE model can be viewed as a piece-wise application of 
variational methods, in which the approximation functions are algebraic polynomials. 
Strain, stress and displacement in these functions represent the values of the solution at a 
finite number of preselected grid points, called nodes, on the boundary and in the interior 
of the elements. The finite element method includes pre-processing, solution and post­
processing stages. Pre-processing includes geometry modelling, element selection and 
material representation. Solution includes specifying boundary and loading conditions 
executing the computation sequence and extracting numerical results. Post-processing 
involves the presentation and interpretation of the computed results.
Finite element models can be used to determine the mechanisms of facial soft tissue 
deformation. For example, tissue deformations are related to tissue, helmet and oxygen 
mask material mechanical properties, which are generally quantified in some forms of 
stress, strain or deformation. FEA can provide stress, strain and/or deformation 
distributions across different tissues and within each tissue for a given biomechanical 
input, such as the g-loading or pressure between the helmet, oxygen mask/tissue. 
Identifying the locations at which these quantities exceed the tolerance level of the tissue 
provides the linlc between the external biomechanical quantities and the internal 
interaction. By changing the material mechanical properties of the oxygen mask and its 
geometry, the ‘best’ geometry and materials of the helmet or oxygen mask can be found.
Examples of these teclmiques include research to find the head and brain impact injury 
(Ruan et al., 1994; Voo et al. 1996). Finite element models of the head including scalp, 
brain, cerebrospinal fluid, neck are created to find transient stress distribution in the brain 
tissue, frequency responses, effects of boundary conditions, pressure release mechanism 
of the foramen magnum and the spinal cord. These theoretical results provide a basic
5
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understanding of the internal biomechanical responses of the head under various dynamic 
loading conditions. Basic experimental research is still needed to determine more accurate 
material properties and injury tolerance criteria. Their model does not include the 
information about the facial soft tissue such as skin, fat and muscles.
Jelier and Hughes (1993) measured soft tissue thiclaiess on the face and proposed a 
hypothesis that the face might be divided into several zones, within which facial soft 
tissue thickness would vary within certain range, but differ greatly between zones (see 
chapter 3 for zonal definition). If this hypothesis is valid, then the soft tissue modelling 
can be speeded up since only one thickness measurement needs to be acquired within 
each zone.
There is little published work about the human tissue and helmet/oxygen mask 
interaction. Humpliries (1995) did FEA to investigate the facial tissue deformation under 
g-loading. His model had a imiform facial soft tissue thiclaiess with homogeneous 
mechanical properties and was very crude. There was no information on the soft tissue 
layers of the skin, fat and muscle in his model.
1.4 Thesis Outline
This thesis discusses how the design tool for 3D facial soft tissue modelling is developed 
in detail.
Chapter 2 reviews 3D soft tissue modelling methods including head surface detection, 
soft tissue thiclaiess measurement teclmiques and describes the approach of spatially 
registered ultrasound. Conclusions aie drawn concerning the advantages and 
disadvantages of the different approaches.
Chapter 3 covers the anatomy of different soft and hai'd tissue layers of the human face 
and head, which is related to the iso-thiclaiess zonal definition and the interpretation of 
the ultrasound signal propagation in soft tissue. 11 zones are defined.
Chapter 4 describes the theory of ultrasound including the reflection, refraction, scatter, 
attenuation, resolution, safety and its propagation in tissue. Ultrasound signal processing, 
automatic thiclaiess detection teclmiques and hardware of the ultrasound system used in
6
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tliis study are discussed. The validation of algorithms for the automatic facial soft tissue 
thiclaiess extraction is explained.
Chapter 5 presents typical ultrasound signals, thiclaiess data results and evaluates the 
zonal hypothesis. The land mark thickness data collected in this study is compared with 
that collected by other researchers.
Chapter 6 describes the facial surface profile acquisition teclmique using laser scanning. 
The acquisition and processing of the laser data are described, together with the method 
of exporting it to CAD systems.
Chapter 7 is about the space locating and registration method. Electromagnetic space 
location method is used in this study. The procedure of the space registration is described. 
By using the space registration method, the tissue thiclaiess data is incorporated into the 
surface model to create a shell model. A tissue model is created and discussed. Error 
analysis is conducted.
Chapter 8 concludes the study and sets forth suggestions for further work.
Chapter 2 Overview of 3D Soft Tissue Modelling Techniques
2. Overview of 3D Soft Tissue Modelling Techniques
Many methods have been used to create a 3D geometric tissue model. Medical imaging 
methods such as X-ray CT, MRI and ultrasound have been used to measure soft tissue 
thickness. Anthropometry methods such as photogrammetry, stereophotogrammetry and 
laser scamiing are used to determine the human surface profile. For any of these, if 
combinations aie to be used, different space registration methods are necessary. For 
example, shell thiclaiess data requires also the ability to monitor the ultrasound probe 
position in space so that the location and orientation of data can be incorporated. This 
general requirement applies to most integrative 3D modelling teclmiques.
This chapter describes 3D soft tissue modelling teclmiques, their advantages and 
disadvantages, then highlights the selected method in the design tool to create the facial 
soft tissue 3D model suitable for FEA.
2.1 Medical Imaging
This section outlines radiography. X-ray CT and MRI. Nuclear medical imaging method 
such as single photon emission computed tomography (SPECT) and positron emission 
tomography (PET) ai'e not discussed. These two methods are suitable for fimctional 
imaging but not for tissue anatomy identification and they involve radioactive doses, 
therefore not safe to subjects. Ultrasound methods are discussed in detail in later part of 
this chapter.
2.1.1 Radiography and CT
Conventional X-ray radiography produces images of the anatomy that are shadowgrams 
based on X-ray transmission. Image production relies on the fact that significant 
quantities of X-rays penetrate through the anatomy where different parts of the anatomy 
absorb different amounts of X-ray. In medical X-ray imaging, the X-ray energy typically 
lies between 5 and 150 keV, with the energy adjusted to the anatomic thiclaiess and the
8
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type of study being performed. For health risks, the doses in radiography are kept as low 
as possible.
Standard X-ray procedures are excellent for routine examinations of pulmonary and 
skeletal disorders but cannot provide good direct images of soft tissue although it has 
been used at low keV level to measure soft tissue, where there is only soft tissue present, 
as in mammary radiograms. Measurement of skin thiclaiess by a radiological method 
depends on the different absorption of X-rays in skin and fat (Meema et al., 1964) or skin, 
subcutaneous tissue and muscle (Bloom et ah, 1984). This is essentially a planar method 
where the projected image is used to determine thiclaiess by measurement on a 2D image, 
so it is not suitable for complicated anatomy such as heads. The angle of the projection 
will cause errors.
X-ray CT images ai*e slices through the object reconstructed from a large number of 
measurements of X-ray transmission tlnough the patient (Figure 2.1). CT employs a fan 
shaped beam of X-ray incident upon the subject and a linear array of detectors positioned 
along an arc on the far side of the subject to select the transmitted radiation. The X-ray 
source is rotated around the subject and either the detector array is moved simultaneously 
or a 360° arc of detectors is employed. The transmitted intensity contains information 
about internal structures traversed within the selected slice tlnough the subject, which can 
be reconstructed as an image by a process of backprojecting from each angle at which tlie 
source-detector system is aligned.
Consecutive slices tlnough the patient’s body are imaged in this way. The image 
reconstiTiction softwaie uses the scanned data to produce an image from each section. The 
image is divided into an array of elements where each element is given a nimierical value 
mathematically calculated from all the data taken from the individually related views. 
This numerical value is called the CT number and is related to the apparent radiological 
density of the tissue. In general, CT image data is 512 x 512 x 2 bytes per image. The 
diameter of the human head is about 250 mm, so the resolution of the CT slices is about 
0.5 mm (250/512 «  0,5 mm).
The essential problem in reconstructing the slices into an image is segmenting out various 
anatomical details. Each slice is a grey scale picture and tissue boundaries between the 
anatomical features are not easily identified in soft tissue. This is a result of low contrast
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between soft tissue densities. Generally, the boundaries between bone and tissue or tissue 
and air can be more easily identified.
Multiple X-rays are 
fired in a transverse 
plane and detected
Many 1D projections are 
collected by rotating the 
source detector device
These are used to 
construct an array of 
X-ray absorption 
coefficients
u — a
$ #
' The patient is moved 
through the system and
a series of images obtained
Figure 2. 1 Schematic of CT scanning (Watt and Policarpo, 1998).
Phillips and Smuts (1996) measured the facial tissues thickness by employing CT as an 
adjunct to scans for facial sinus disease. Their study is reviewed here in detail because 
their data is compared with that collected in this study (see chapter 5). The number of CT 
‘slices’ taken for a sinus disorder consists of 28 levels of 5 mm intervals from the frontal 
to the lower face (Figure 2.2). The soft tissues were measured at 90° to the underlying 
bone over the 10 midline and 11 bilateral morphological facial landmarks as advocated by 
Rhine and Campbell (Figure 5.16). The sample consisted of 32 patients, 16 male and 16 
female, aged from 12 to 71 years of mixed racial origin born in South Africa. They 
concluded that the use of the CT scanning procedure to measure soft tissue depth is more
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suitable than the needle probe insertion technique because this in vivo test eliminates the 
post-mortem effect such as swelling or dehydration (Rhine and Campbell, 1980).
i
Figure 2. 2 Left: CT scan showing 28 ‘slices’ of the face extending from the frontal 
sinus to the inferior border of the chin. Right: photograph of an axial ‘slice’ of the head 
showing the thickness measurement of the soft tissues over the malar/maxilla area 
(arrows) (Phillips and Smuts, 1996)
The results obtained from their study may be of limited value as the representative of the 
variation in facial tissue thickness for facial reconstruction purposes, because the age 
range of the samples was so great and the data was obtained from sinus patients. The 12- 
year-old child and 71 year old person might have different tissue thickness and therefore 
distort the whole statistics. The facial tissue thickness of sinus patient might be different 
from that of normal people. They did not mention the thickness difference between 
normal people and patients. The angle of the CT slice is not always normal to the 
underlying bone surface even though they stressed that the measurements was taken 
normal to the bone surface. All these factors cast doubt on their data.
The CT method has been used to create a three-dimensional finite element model of the 
human skull (Bakdak et al., 1995) and temporomandibular joint (Korioth and Hannam, 
1994), but there is no soft tissue information extracted from CT scans.
Weingartner and Albrecht (1998) extracted the human mandible contour from the CT 
slices and inserted five fan-shaped masseter muscles on the mandible to simulate
11
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mastication. Their model actually has no soft tissue information. The muscle tissue in this 
simulation is arbitraiily fixed to a segmented CT image of the skull.
While CT scamiing is an excellent imaging tool, it is primaiily useful for establishing the 
bone structure because the higher attenuation levels results in better quality images than 
soft tissue. The loiver attenuation levels associated with soft tissues make it difficult to 
identify them, and therefore, CT scanning is not the best imaging tool for looking at soft 
tissue structure and possible layer detail. Each CT scan requires many sections to be 
talcen. This leads to a high exposme to radiation. Artefacts and scatter can cause 
ambiguities at boundaries. Some distortion is caused in CT scamiing by lai'ge implants of 
metal. CT scamiing is expensive. X-ray CT should only be used if the study can be in 
conjunction with necessary clinical diagnosis.
2.1.2 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a clinically important medical imaging modality 
due to its exceptional soft tissue contrast. MRI was invented in the early 1970s. The first 
widely available commercial scanners appeared about 10 years later. Non-invasive MRI 
studies aie now replacing many conventional invasive procedures such as X-ray.
MRI exploits the existence of induced nucleai’ magnetism in the patient. Materials with an 
odd number of nucleon posses a weak but observable nuclear magnetic moment. Most 
commonly protons (*H) are imaged, although carbon (^^C), phosphorous (^*P), sodium 
(^^Na) are also able to be used for image analysis. The nucIeai* moments aie normally 
randomly oriented, but they align when placed in a strong magnetic field. Typical field 
strengths for imaging range between 0.2 and 1.5 T (Brown and Semelka, 1995).
MRI works by manipulating the proton within tissue. A strong magnetic field is directed 
tlirough the patient. The protons, in the hydrogen atoms, which are constantly spinning 
about their axis, align tlieniselves in the direction of the magnetic field. Radio frequency 
currents are then transmitted, from a coil within the magnetic field, at the resonant 
frequency of the spinning protons. This excites the protons and causes them to flip their 
axis away from the direction of the magnetic field. While excited, the protons’ energy 
levels rise. This energy is eventually transferred away from the nucleus so that the proton 
can realign itself with the magnetic field direction. The time it talces for the proton to
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transfer its energy and realign itself is known as relaxation, and is one of the parameters 
measured. The second parameter measured by MRI is the radio frequency at which the 
protons are resonating. The relaxation time is indicative of the tissue type because of the 
amount of mobile water, or hydrogen content in the tissue. MRI has been used to measure 
facial soft tissue (Figure 2.3, Liang et al., 1991).
«
Figure 2. 3 Left is the magnetic resonance image (sagittal) clearly demonstrates fat 
(white areas) above and platysma muscle below (arrow). Right is MRI scan of normal 
subject showing buccal fat (small arrow) and subcutaneous fat (large arrow) (Liang et al, 
1991).
To acquire one slice MRI with 512 x 512 resolution, 0.5 second repetition time and twice 
averaging, the acquisition time is 2 x 512 x 0.5 = 512 seconds « 8.53 minutes (Dowsett et 
al., 1998). If 2 mm resolution is required in Z direction, because the height of head is 
about 250 mm, 125 slices is needed to scan the head. Total measurement time will be 8.53 
X 125 « 1067 minutes « 17 hours. The longer scan times may however lead to more 
significant involuntary movement artefacts in the images of slices and slight distortions 
may result from non-linearity of magnetic field gradients. Because long sample time is 
needed to create an image, MRI is not suitable for monitoring the dynamic change of the 
soft tissue deformation under external loading to measure the tissue mechanical 
properties. Although fast MRI imaging is available, the image quality is sacrificed to 
achieve fast imaging (Dowsett et al., 1998).
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MRI cannot be used to scan people with metal objects such as pace malcer or with tooth 
fillings because the metal will distort the magnetic field. MRI system is bulky and needs 
special facilities. The resolution of the MRI is about 0.5 mm in XY direction and about 2 
mm in Z direction.
From the above review, it is found that X-ray CT and MRI are not readily suitable for 
creating head and face soft tissue model with layer information, other methods need to be 
investigated.
2.2 Anthropometric Method
One way to create a head model is to find the contour of head then determine the soft 
tissue layer thiclmess by using ultrasound. Antliropometry is the study of comparative 
measur ement of the hiunan body and has been used to find the head contour'. A number of 
instruments are available for antlrropometric studies. The choice of instruments will 
depend upon the precision that is desired or required. Classical antlrropometric, 
photogrammetry, stereophotograrnmetry and optical laser scanning teclmiques are 
discussed in this section to see whether they are suitable for acquiring the facial surface 
profile to create a surface model.
2.2.1 Classical Anthropometric Techniques
Classical measirr ement techniques are the first means of acquiring antlrr opometric data on 
the hirmarr body. The tools to measure straight lirre or circunrfererrce distances between 
anatomical features are basic. The terminology, approach and techrrique to be used when 
acquiring arrthroporrretric data for health arrd errgineering applicatiorrs were standardised 
in 1967 (Hertzberg, 1968).
Several traditiorral irrstrurnerrts have been developed. One of these is the arrtlrr oporneter, a 
term encompassing a nurrrber of related irrstrurnerrts which corrsist of a graduated rod, 
ftequerrtly foldable for ease of trarrsport and storage, equipped with one fixed and orre 
sliding arrd extendable perperrdicular brarrch. The sharply pointed end of the sliding 
branches can reach reentrarrt corners and folds of the body. With the slidirrg arrd fixed
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extendable branches used together the antlii'opometer can be used as a sliding compass. 
The regular sliding compass is more convenient for some smaller measurements. A larger 
version of the sliding compass is sometimes used for measurements such as chest depth. 
Another instrument useful for measur ing diameters of the head and other irregular par ts of 
the body is the spreading callipers.
The above devices generally have precision greater than tire consistency of size of the 
subject being measured. Breathing, tremor, muscle tone, changes due to fatigue, and so 
forth, may alter the dimensions of the subject between one measurement and the next 
more than inherent misreading of the measurement device. Considerable skill developed 
ft'om practice is required for consistent results with about ±1 mm. Another source of 
inconsistency (nomepeatability) of measiuements may be due to time of day. The height, 
for instance, may vary up to 10 mm or more between morning and evening. Food intake 
may increase the stomach girth during the day.
Circumference dimension data can be taken by flexible tape. It is clear that tissue 
compression and, hence, the measurement obtained depend on interactions among tissue 
plasticity, fi'iction between tape and skin, curvatiue of the tape, and pull force as 
measured at the free ends of the tape.
Until recently, methods of helmet development have been based upon anthropometric 
surveys that are relatively old. Some of these include (quoted by Cadogan et al., 1993)^
• United States Air Force Flying Personnel 1967 (DOD-HBK-743)
• 1988 Anthropometric Survey of U.S. Army Personnel (ANSUR, Report
NATICK/TR-89/044). It included 3D co-ordinates from 26 landmarks located on the 
face. Co-ordinates were recorded using an automated headboard device built
specifically for use in this survey (Annis and Gordon, 1988; quoted by Corner and 
Gordon, 1993). The sample size for ANSUR is 1747 males and 2206 females (Gordon 
et al., 1989) including eight racial categories.
• Royal Air Force Aircrew 1970-71 (RAE Teclmical Report 73083), This survey
included 2000 Royal Air Force aircrew.
These and other military reports are not accessible to this researcher. They are quoted by other researchers.
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• Royal Air Force Aircrew Heads 1972 (RAE Technical Report 73187). This survey 
included 500 Royal Air Force aircrew.
• German Air Force Flying Personnel 1967-68 (AGARD 205)
The siu'face data was collected by traditional anthropometric methods. These methods can 
only measure linear dimension (point to point distance) and circumference and are 
restricted to number of data points. Although ANSUR included 3D co-ordinates, there 
were only 26 landmarks and they could not get a 3D surface profile of the head. Therefore 
the above surface data can also be misleading, because simple measurement data is no 
longer adequate for developing helmet systems for use with head moimted display or 
night vision goggle teclmology.
The curvature of the head camiot be measmed by classic method; only the distance 
between the landmaiics can be measmed. To create 3D head model, the shape of the head 
is needed. So the classic anthiopometric method cannot be used for 3D geometric 
determination.
2.2.2 Photogrammetry
To obtain outlines of tire body manually using traditional teclmiques is awkwar d. Subject 
fatigue introduces errors of movement dming the process. In general, photogrammetry 
processes are to be preferred if special precautions against parallax can be taken. The use 
of photogrammetry in antliropometry has gradually evolved from qualitative recordings to 
precise measmement methods (Dupertuis and Tamier, 1950; Seaford, 1959).
One of the most commonly used methods for making photographic measurements is to 
place the subject of interest in front of a background grid. Unfortunately this technique 
greatly magnifies the paiallax problem. More sophisticated, although more expensive 
methods, have been developed. An example of these teclmiques is the “Photo-Metric” 
camera system (Hmit and Giles, 1956). This system is a combination o f fixed mirrors, 
synchronised electronic flash imits, and a camera that provides a relatively long distance 
from camera to subject within a small space. The mirrors aie arranged so that four 
complete views of a standing human subject are concurrently visible as mirror images at 
the site of the camera. All views aie exposed at once. Manually taken measurements with
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graduated scales are used to calibrate the system and the system was claimed to be within 
0.1% accuracy. This system has the disadvantage of being bulky and difficult to set up.
2.2.3 Stereophotograrnmetry
Another photographic teclmique of great value utilises methods developed in aerial 
contoiu’ mapping. The principle of stereophotogrammetry is applied to determine the 
depth of body pai ts as well as length and breadth.
Stereophotogrammetry is based on human binoculai* vision. Photographs are taken with a 
pair of stereo cameras. To reconstruct a thiee-dimensional image from the photographs, a 
stereoplotter is used. The overlapping photographs are placed in the stereoplotter and light 
rays project through the photographs to form a tlnee dimensional virtual image. A visual 
mark is positioned on the virtual three-dimensional image to extract the co-ordinate data. 
In more recent systems, the photographs have been replaced by CCD cameras and 
reconstruction of the image involves a different technique. Deacon et al. (1991) 
developed a system that captured the data in a format suitable for digital manipulation in 
more powerful computing equipment. The equipment comprises o f two CCD cameras 
connected to a franiestore that is capable of extracting the images from the two cameras 
simultaneously. A reference object is used to determine the camera geometry. The subject 
is positioned and a dot pattern projected on the face. To process the data, landmarks are 
designated with a mouse and a “sheet growing” matching algorithm is used to extract the 
co-ordinate data. This system is accumte to ±1 mm.
C3D from the Turing Institute (Glasgow, UK) is the proprietaiy technology to use stereo 
pairs of images to automatically reconstruct digital 3D models of an object or scene from 
multiple and overlapping images inside a computer. The C3D model 2020 is a system 
designed primarily as a 3D portrait camera. The system can be used to image the outer 
surface of the body in a fraction of a second and is a convenient way to captme both 3D 
shape and visual appear ance whilst avoiding the use of potentially harmful radiation or 
lasers. Images are captured and processed in a few minutes on an industry standard PC to 
produce 3D models with an accuracy of around ±0.5 mm in space. But the working 
volume: is 260mm (Height) x 200mm (Width) x 150mm (Depth), which is not suitable 
for some big human heads.
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Another stereophotogrammetry system called ELITE system consists of 2 CCD cameras 
tliat photograph the subject, and software for the 3 dimensional reconstmction of 
landmarks by x, y, z co-ordinates relative to the reference system (Ferrario et al., 1995). 
The CCD cameras light up the reflective markers with an infrared stroboscope, and the 
centres of these points are automatically recognised and recorded by the system. The 
combined error of ELITE system and computer programs was estimated to be about ±1 
mm.
At present the stereophotogrammetry is a mature teclmique. Once the extraction of 3D 
data involved expensive computer, but with the decreasing computer price, it is less of a 
problem now. This method is suitable for head scanning.
2.2.4 optical and Laser Scanning Systems
This section introduces optical and laser scamiing systems and reviews some of the 
available ones. The key feature common to all systems is the use of a laser spot, line or 
grid projector to illuminate a profile of the subject (Jones and Rioux, 1997). The profile is 
viewed either by digital camera(s) directly, or indirectly, through mirrors geometrically 
aligned. Most systems have introduced rotation of either the camera(s) system or subject 
(Figure 2.4). When liiilced with an encoder determining the rotational position, tlnee- 
dimensional information is collected in the form of a height (or z), a radial distance away 
from the centre-of-rotation (r), and the encoder value (angle, 0).
One commercially available laser scanning system is Cyberware based in California. The 
Cyberware system uses a line projector and camera set in fixed positions on a platform 
that is rotated aroimd the subject. 512 profiles and 512 horizontal points from the CCD 
camera can be collected. The accuracy of the Cyberware 3030 RGB scanner is found to 
be 0.6 mm (Bush and Antonyshyn, 1996). The RGB laser scanner can detect object 
coloiu'.
Aircrew heads were scanned with and without aircrew helmet to provide information 
about fitting by using the Cyberware ECHO digitiser (Robinette and Whitestone, 1994). 
Scanning time is about 12 seconds for 130,000 surface points that have a resolution of 
about 1 mm.
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Minolta (Minolta Corporation, Instrument Systems Division, Ramsey, NJ, USA) 
introduced a portable (9 kg) non-contact 3D coloin seamier called Vivid 700. It operates 
on a light stripe triangulation range-finder principle. The reflected rays are collected and 
focused onto a CCD. The object's surface is scanned from top to bottom with a projected 
laser light stripe in 0.6 seconds. The scanner can merge the geometric data from different 
views into a single, connected, polygonal mesh. The position of an illuminated surface 
point relative to the viewpoint is obtained by triangulation. The resolution in x y and is 
200 X 200 X 260 range points per scan. The scan area is from 70 to 1100 mm. By sharing 
a common optical axis, a color image is obtained with a resolution of 400 x 400 points. 
This seamier is suitable for human head scan.
Camera 
Height (z)
Centre
rotation
Camera 
Counter (r)
Figure 2. 4 Diagram of optical and laser scamiing.
The Human Measmements, Anthropometry & Growth Reseai'ch Group of Loughborough 
University has developed the Loughborough Antluopometric Shadow Scanner (LASS). It 
is a full body optical seamier comprised of two banlcs of TV cameras positioned opposite 
to each other (Jones et al., 1989; Jones et al., 1994; Brooke-Wavell et al., 1994). Each 
bank of camera views profiles from two of four banlcs of light projectors. A subject stands 
on a turntable and rotates 360°, while beams of light illiuninate profiles on the subject. 
Raw data is recorded by the cameras and fed into a computer which produces a model 
thi'ough dedicated software.
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Rioux et al. (1984, 1987) have designed a laser scanner that provides linear scamiing in 
the X and Y planes. A six sided mirror captures the illuminated profiles and averages 
them together to reduce noise or spurious data. It samples a volume of 250 x 250 x 150 
mm^ at a resolution of 1 mm in the X, Y direction and 0.25 mm in the Z direction in 15 
seconds.
The laser scanner system (see chapter 6 for details) used in this study was developed in 
University College London (UCL). The UCL system features a single laser and CCD 
camera, which are mounted stationery while the subject is rotated 360°. This system talces 
245 radial scans with 320 horizontal points per profile. The accuracy of this scanner is 0.5 
mm (Coombes et al., 1991; Hughes et al., 1994). Aung et al. (1995) evaluated the UCL 
laser seamier as a surface measuring tool and its accuracy compared with direct facial 
anthiopometric measuiements and found it was highly reliable. The vertical resolution is 
1.3 mm while the resolution in the horizontal (longitudinal) direction depends on the 
distance of the siu'face from the centre of rotation. When the diameter of the object is 250 
mm (very big head) the resolution is 3.2 mm.
The simplest seamier configurations, involving a single camera and light projector, are 
less expensive, however, there is a compromise between the simplicity of the system and 
the amount of smface information that can be obtained. Hidden siuTaces caused by limbs 
can be imaged better by LASS.
UCL laser system is chosen for facial surface scanning because it is originally designed 
for head scanning and it offers the resolution and accuracy required for the original 
objectives o f the work at Surrey, namely creating a virtual data base of heads. Its 
performance was considered appropriate to the task of creating a facial soft tissue 3D 
model (see § 2.5).
2.3 Thickness Measurement Method
From the above discussion, it is found that laser scanning can be used to get the surface 
shape of the human head. However, soft tissue thiclcness is needed to create a shell 
“solid” model suitable for FEA studies of soft tissue distortion. This section discusses the 
method to collect the facial tissue thiclcness information.
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The forensic field of facial reconstruction has been one of the stimulus for measuring the 
facial soft tissue thickness, out of the need to reproduce more accurately the identification 
of a person’s facial form from skeletal remains. An original teclmique of facial 
reconstruction is to build up manually soft tissue anatomy with clay on to a skull. This is 
a highly subjective method using an artist’s skill and an input of the possible age, gender 
and race of the skull. The procedure for the facial reconstruction is to attach pegs the 
length of the tissue thickness perpendicular to its corresponding bony landmark. The 
sculptor then adds a covering or clay layer (Vanezis et al, 1989). Ear shapes are almost 
impossible to determine and the mouth is also speculative.
The use of tissue thiclcness data becomes very important in adding more quantitative 
information to the above procedure. This information was first available in the late 1800’s 
when scientists produced tissue depth tables from cadavers. Methods employed for taking 
facial tissue measurements include needle insertion (Welcker, 1888; Kollmami and 
Buchly, 1898; Rliine and Campbell, 1980, 1984; Robetti et al., 1982), radiographs 
(Walker and Kowalski, 1971; George, 1987; Lebedinskaya, 1993), computed tomography 
(Varmier et al., 1984; Salyer et al., 1986; Schlusselberg et al., 1988; Lambrecht and Brix, 
1993; Phillips and Smuts, 1996) and ultrasonics (Lebedinskaya et al., 1979; Hodson et al., 
1985; Aulsebrook et al. 1996). Needle insertion, radiography and X-ray CT methods are 
invasive and ultrasound is non-invasive. X-ray CT is discussed in early part of this 
chapter.
2.3.1 Needle Insertion Measurements
Needle insertion to measure the soft tissue thickness has been used since the end of last 
century. The needle insertion method used by Rliine and Campbell (1980, 1984) is 
reviewed here in detail as they measured white people and their data will be compared 
with that collected in this study. Rhine and Campbell chose a needle with a small rubber 
stopper, rather than using a soot-covered needle as did Kollmaim and Buchly (1898) and 
some later investigators (Robetti et al., 1982) to measure the facial soft tissue thiclcness of 
American Black and White cadavers. The needle allows the stopper to be displaced 
upward by the skin. The stopper is pushed down lightly into contact with the skin by 
tweezers, after ascertaining tliat the skin is not puckered aroimd the needle. They were 
also careful to select only unembalmed individuals, either deceased no more than 12
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hours or kept in a refrigeration unit no longer than overnight, to minimise distortion in the 
tissues caused by post-mortem changes. They were also quick to disqualify individual 
measurements where post-mortem distortion was demonstrable or suspected. All of their 
subjects appeared to be adequately nourished.
Until now, needle insertion for soft tissue thickness measurement is mainly applied to 
cadavers. The results of these studies, however, have an inherent error as the degree of 
dehydration of cadavers and the shrinlcage of the soft tissues cannot be controlled. 
Although the recent demise of cadavers was emphasised by Rliine and Campbell, 
dehydration of human tissues is marked during the initial stages of death and the accuracy 
of these tissue measurements is therefore questionable. When needle is used to measure 
the thickness, it camiot be sure to be vertical to the underlying bone surface, which is 
required for data to be applied in facial reconstruction. Only in the place where surface is 
parallel to the luiderlying bone the needle insertion data is suitable for facial 
reconstruction.
2.3.2 Ultrasound
Ultrasound is a sound wave that has a frequency above audible range (>20 ItHz). The 
tissues of the body aie inliomogeneous and high fr equency ultrasound sent into them is 
reflected and scattered by and within those tissues. How much of the wave is reflected 
back depends on the difference in acoustic impedance between two adjacent tissue types. 
The impedance is the product of the speed of sound and the density of the medium. 
Because the acoustic impedance of air, skin, subcutaneous fat, muscle and bone are 
different, there ai'e reflections on their boundaiies.
Ultrasound imaging of the soft tissues became popular in the 1960s. At that time, the 
teclmologies became available to capture and display the echoes backscattered by 
structures within the body as images, at first as static compound images and later as real­
time moving images. The development followed much the same sequence as did radai' 
and sonar, from initial crude single-line-of-sight displays (A-mode or A-scan) to 
recording these side by side to build up recordings over time to show motion (M-mode), 
to finally sweeping the transducer either mechanically or electronically over many 
directions and building up two-dimensional views (B-mode or B-scan).
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2.3.2.1 A-scan Ultrasound
In A-mode scamiing, the reflected echo signal is seen as a series of vertical pulses on an 
oscilloscope screen or computer monitor. The pulses represent the amplitude of the echo 
and the location on the time scale indicates the time taken for the echo to reach the 
transducer. The time between echoes gives the distance between tissue layers by taking 
the product of the transit time and the average propagation speed of tissue. The absolute 
amplitude of the returned signal is unimportant for thickness measurement provided the 
amplitude does not become so small that the signal is undetectable but tlie relative 
amplitude is required for the tissue layer differentiation.
Since the 1960’s, A-scan ultrasound has been used in numerous applications including 
skin thickness (Payne and Quilliam, 1981), classification of bmiis (Clarke, 1985) and the 
diagnosis of skin tumours (Edwaids et al., 1989). At the start of the 1980’s, work was 
done in characterising tissue from A-mode ultrasound (Chivers, 1981), based on the 
behavioui' of the ultrasound signal as it passes tluough the biological tissue, e.g. 
amplitude changes, phase fluctuations, scattering and attenuation. A-scan systems have 
been developed, e.g. Cutech Dermal Depth Detector, Diagnograph (Kirsch et al., 1984), 
and applied in ways other than just determining soft tissue thickness. For example, 
ultrasound was used for the determination of periodontal bone morphology (Palou et al., 
1987) and liver scamiing (Moiuitford and Wells, 1972).
Much of the work in the 1980’s was possible due to the establishment of A-scan as a valid 
teclmique for the measurement of soft tissue and skin thiclcness. In 1971 Daly and 
Wlieeler (1971) first attempted using A-scan ultrasomid to measure oral soft tissue 
thickness as a possible means of diagnosing disease (Figme 2.5). They used a 10 MHz 
transducer and determined the speed of sound tluough tissue as 1518m/s (Figure 2.6). 
They concluded that the ultrasound teclmique was a valuable research tool for 
investigations into skin thickness.
To obtain reflections ftom the various tissue interfaces of interest, Alexander and Miller 
(1979) used a transducer with a resonant frequency of 15 MHz, beaming the sound waves 
through a bath of degassed water to avoid air bubble reflections. The speed of sound 
chosen for their work was 1580 m/s. Actually, they wrongly quoted the value determined 
by Daly and Wheeler, which is 1518 m/s. They validated their results by making a direct 
comparison at the exact same location using the radiological method of Dykes and Marks
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(1977). They found that ultrasound is a valid method for measuring skin thickness and it 
is also possible to identify the subcutaneous fat and the muscle by the location o f the 
signals on the ultrasound display. Minor structuies within the skin and the fat provides 
low amplitude echoes. The major echoes are associated with the water/skin, skin/fat and 
fat/muscle interfaces. They did not mention the tissue/bone interface because they 
concentrated their study on the skin tliickness measurement.
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Figure 2. 5 Diagram o f transducer output signal showing relationship o f echo signals 
to the thickness of the oral mucosa (Daly and Wheeler, 1971).
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Figure 2. 6 Test rig for acoustic velocity measurement in compressed skin specimen 
(Daly and Wheeler, 1971).
Tan et al. (1982) validated a similar system to Alexander and Miller's and examined the
system's repeatability. Two observers independently measured the skin thickness on the
flexor aspect of both mid-forearms o f twenty subjects. Skin tliickness on the flexor aspect
of the foreai'm in vivo was measured with the pulsed ultrasound techniques. Their study
revealed no systematic difference and a high correlation between two independent
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observers. The inter-observer variations were small (1.0-1.7%). They suggested that as an 
accumte and non-invasive teclmique for skin thiclcness determination, the ultrasound 
teclmique had potential in a wide range of clinical situations.
Dines et al. (1984) devised a laboratory prototype B-mode mechanical scaimer to obtain 
images of himian skin in viti^o using broadband ultrasound at 25 MHz and then measured 
the thiclmess with ultrasound and frozen section histologic processing. Images were 
formed by processing digitised A-mode waveforms and displaying the resulting two 
dimensional cross-sections using a digital imaging system. They found skin thiclmess was 
well correlated between the two teclmiques (r=0.99, p<0.001). The correlation is used to 
find the linear relationship between the two sets of measurements. The direct compaiison 
of the two data sets such as "T test" might be more suitable for the validation of the 
ultrasound thiclmess measmement.
There aie two critical factors dictating A-scan performance. The first is the central 
fiequency of the transducer. This affects the pulse width that determines the resolution 
achievable. Higher frequency ultrasomid is capable of better resolution. The other 
debatable factor is the value of speed used for the ultrasomid. The speed of sound is a 
function of the elasticity and density of the tissue tluough which it travels. Table 4.1 
indicates the sound speed values in different components of the tissue.
The speed of sound values used in past work in determining skin or soft tissue thiclmess 
values have varied between 1518-1710 m/s (Dines et al., 1984). Daly and Wheeler 
determined the ultrasound speed from oral soft tissue to be 1518 m/s by using a test rig as 
shown ill Figure 2.6. They measured the thickness of tissue and the time for the 
ultrasomid signal to travel tluough it and then determined the ultrasound speed. Alexander 
and Miller (1979) used 1580 m/s. Although widely accepted ultrasound speed in soft 
tissue is 1540 m/s (McDicken, 1981), this value is mainly suitable for abdomen area.
None of the work mentioned above used A-scan to look at the entire soft tissue layer, 
including the muscle, to determine thiclmess. Even though Alexander and Miller 
mentioned the visibility of muscle layer, they did not measure the subcutaneous tissue and 
muscle layer thiclmess.
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2.3.2.2 B-scan Ultrasound
B-scan ultrasonography is based on the pulse-echo principle and is brightness modulated. 
Standard diagnostic scanning equipment generates about 1000 pulses per second. These 
pulses travel through the tissue until a different tissue density (acoustical interface) is 
encountered, at which time a portion of the pulse is reflected back (echo) and recorded in 
distance as a picture on the monitor.
In B-scan ultrasound, reflected signals are recorded relative to geometry either via 
hardware displacement, by phased array or fixed arrays. This gives each signal a two- 
dimensional reference co-ordinate displayed on monitor as a series of dots. Dot intensity 
is proportional to amplitude of returning signal. This may cause difficulty in detecting 
boundaries, since signals with high amplitudes resulting from strong reflections give rise 
to very bright dots, lower signal amplitudes with dimmer dots may well be hidden.
Cole et al. (1981) evaluated the ultrasonic skin thickness in scleredema by measuring the 
thickness of the skin of the upper back in scleredema patients and normal subjects. The 
ultrasound images of layers of the skin is fairly distinctive (Figure 2.7). The epidermis 
appears as a strongly reflective echogenic layer measuring 1 to 3 mm thick. The dermis is 
a homogeneous medium-grey tone region just below the epidermis, and is easily 
distinguished from the more sonolucent fat layer that lies beneath it. The muscle layer, 
which is deeper than the subcutaneous fat, demonstrates a more coarsened textural pattern 
than the dermis or subcutaneous fat and is also more echogenic than either.
Figure 2. 7 Scleredema graph from Cole et al. (1981). Left is an ultrasonic image of 
normal skin showing dermal (D), subcutaneous fat (SQ), and muscular and osseous layers 
(MB). Right is skin biopsy from scleredema patient adjacent to ultrasound image of skin 
from the same patient. Dermal thickness determined by ultrasound (8 mm) is within 1 mm 
of in vitro skin thickness (9 mm).
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B-scan ultrasound was also used to find the soft tissue thickness over the sacrum (Clark et 
al., 1989), quadriceps muscle thiclmess and subcutaneous tissue thiclcness (Heclcmatt et 
al., 1988; Sclimidt and Voit, 1993).
2.3.2.3 Facial Tissue Thiclcness Measurement Using Ultrasound
Both A-scan and B-scan ultrasound have been used to measure facial soft tissue 
thiclmess.
Hodson et al. (1985) used B-mode ultrasomid to measiu'e the facial soft tissue thickness of 
healthy American Caucasoid children of Northern European descent. The subjects 
included 22 females and 28 males and ranged from 4 to 15 years of age, A transducer was 
used in the 7.5 MHz frequency range with a 0.2 mm wavelength. This is the only 
published facial tissue thiclmess result for Caucasoid children.
Traxler et al. (1991) evaluated the ability to determine soft tissue thiclmess above the jaw 
by ultrasoimd in 8 autopsy specimens. Eight isolated, edentulous, hmnan cadaver upper 
jaws fixed with formalin and phenol were examined with a 10 MHz transducer. The data 
of ultrasonic imaging is compared with those of the needle measurement method as well 
as with micrometer screw and calliper analyses o f the sections. There are only deviations 
of 0.2 mm on the average between 3 analyses. Ultrasound imaging corresponds well to 
direct measurements of the specimen.
Lebedinskaya et al. (1993), used 15 MHz A-scan ultrasound to measme 17 to 20 
anthropometric points of 1695 faces of ten Asian (no Chinese) ethnic groups. They found 
there are facial tissue thickness difference between different gender and etlmic groups.
A-scan Ultrasoimd was chosen as the modality for measuring the soft tissues of the face 
by Aulsebrook et al. (1996). They measured 54 landmaiks on tlie face o f 55 Zulu males 
aged fi'om 20 to 35. The diagnostic ultrasound equipment used was the Ocuscan-400 real­
time ultrasound scanner with a 10 MHz short focus transducer. Their work is the first 
published in vivo facial tissue thickness measurement of the above etlmic group.
A-scan ultrasound offers a relatively low cost method with the potential for exploring the 
different layers within the soft tissues. With A-scan, the approach is different from B-scan 
in that raw soft tissue thiclcness data is talcen, not processed out of an existing image. The
27
Chapter 2 Overview of 3D Soft Tissue Modelling Techniques
extraction of the thiclcness is quick. A-scan ultrasound equipment is cheaper than B-scan 
counterpart and suitable for field use.
2.4 Space Location Method
When the facial profile and facial soft tissue thickness are collected by different means, 
there is a need for a method to combine them to create a facial shell “solid” model. This 
process of linlcing two separately acquired images is called registration. Registration is the 
determination of a one-to-one mapping or transformation between the co-ordinates in one 
space and those in another, so that points in the two spaces that correspond to the same 
anatomical point ai*e mapped to each other. For example, registration o f multimodal 
images makes it possible to combine different types of structural information (X-ray CT 
and MRI) and functional information (PET and SPECT) for diagnosis and surgical 
planning. SPECT and PET have poor spatial resolution in the order of 3 to 6 mm. Space 
registration methods have been used to combine with 2D B-scan ultrasound to create 3D 
ultrasound. Actually, A-scan ultrasound with a 3D space position information method is 
also capable of providing 3D ultrasound. Methods for tracking an ultrasound probe are 
discussed in this section.
A number of different technologies have been developed for six degrees-of-freedom 
(DOF) tracking. These include mechanical, optical, acoustic and electromagnetic 
methods. The principal requirements of a 3D ultrasound system are that the tracking 
method does not interfere with the natmal handling of the probe; that accurate, high 
resolution position and orientation measurements are achievable over a working volume 
of about 0.5 m^ and that measuiements can be updated with minimal sensing time and a 
total latency time (the time between requesting a measmement and its appearing at the 
output) which allows the consistency of ultrasomid to be maintained (the position 
acquired should be where the ultrasomid signal is sampled). The working volume 
estimation is based on the typical size of volumes to be imaged and the closest practical 
distance at which a fixed reference point (i.e. a transmitter) can be located near a subject.
Three dimensional space registration methods require the use of special inputs. The 
following section examines several different space tracking techniques along with the 
advantages and disadvantages of each teclmique.
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2.4.1 Mechanical
The simplest approach is achieved by mounting the transducer on a mechanical aim 
system with multiple movable joints, which allow the operator to manipulate the 
transducer in a complex manner and select the desired view and orientation. 
Potentiometers are located at the joints of the movable arm so that any angulation of the 
joints is measured and recorded. From these measurements, the position and angulation of 
the transducer can be continuously calculated and monitored.
Simple sensor means that lag is low. Absence of transmitter/receiver set-up like acoustic 
methods means that mechanical trackers are much less sensitive to their immediate 
environment than, e.g., electromagnetic trackers.
Prior to the advent of scamiers with mechanically driven transducers and multi-element 
phased arrays, mechanical arms were used to track the position and orientation of 
transducers in early 2D B-scans. Various groups have since used these to locate B-scan 
probes for 3D studies. Some arm designs restrict the degrees-of-freedom in which the 
probe can be moved. Ohbuchi and Fuchs (1990) described the use of an arm which 
restricts scanning to three degrees-of-freedom (x, y, z). Nila*avesh et al. (1984) used a 
mechanical arm that permits a full six DOF. The typical accuracy of the mechanical arm 
with 1.2 m rage is about ± 0.07 mm (FaroAim from FARO Teclmologies, Inc. Florida, 
US). As with any device that has moving parts, mechanical trackers may wear out after a 
period.
2.4.2 Optical
Optical tracking devices vary greatly in accuracy, complexity and cost. Usually the 
tracking occurs by placing one or more light sources on the object to be tracked and tlien 
determining the position of the object by detecting the light using a video camera. For 
example, inftaied light sources are often used since this is outside the visible specti'um 
and hence less confusing to the eyes of users.
The major advantage of these systems is that they are able to work over a large area, 
restricted by the intensity (and coherence) of the light sources and sensitivity of the 
detectors. For example, a Laser Range Finder—RtPM from Spatial Positioning Systems
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Inc. (Virginia, USA) has a maximum working distance of about 270 metre, which is 
beyond anything achievable using other teclmologies considered here.
Since light is involved, tracking an object optically necessitates maintaining a line-of- 
sight from source to detector. If the path of the light is broken then unpredictable results 
may occur.
Mills and Fuchs (1990) developed an optical tracking system to determine the position 
and orientation of their probe. Two video cameras view the position of a crown of lights 
attached to the probe. Stereo triangulation then yields six DOF tracking information. Over 
a small field of view, an accuracy of ±2 mm of translation and ±0.1° o f rotational 
resolution can be obtained. However, they reported that, in practice, a trade-off between 
low tracking resolution and ease of implementation was made. The large distance by 
which the tracking beacons were separated from the probe (over 300 mm) resulted in a 
probe which many clinicians would find awkward to work with. Advantages of this 
scheme include that it is relatively insensitive to environmentally induced distortion, that 
it has a large working volume and a fast response time.
2.4.3 Acoustic
Acoustic tracking is a fairly simple and well-imderstood teclmique. The principle is that 
one or more emitters send out a sound signal, which is then received by several 
microphones. To obtain the information necessary to reconstruct the 3D image, the 
operator moves the transducer over the subject while the sound emitting devices are 
active. The time taken for the soimd pulses to reach the receivers is measmed and the 
distance is calculated based on the speed of soimd in air. This teclmique only produces a 
measure of distance, it require combinations of transmitters and receivers to be used to 
achieve 3D tracking. Specifically, 1 transmitter and 3 receivers are required for 3 DOF, 
while 3 transmitters and 3 receivers are necessary for fiill 6 DOF tracking. Acoustic 
systems almost invariably use ultrasonic signals for the same reasons that many optical 
trackers use infiared light: to avoid aimoyance or interference with the detectable 
spectrum of human users and achieve higher resolution.
The transducers used in this teclmique aie readily available, allowing simple acoustic 
tracking devices to be constructed at low cost, however it has some limitations. The speed
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of sound in air vaiies with air temperature, pressure and humidity. Hence, calculations of 
distance may be incorrect due to environmental conditions unless steps are talcen to 
account for these factors. Another common problem is that echoes of the soimd signal 
will be reflected from acoustically "hard" surfaces (such as lab walls), causing reception 
of "ghost" pulses at the receiver and interference with other transmitted pulses. As with 
optical tracking, an inherent limitation of using acoustic signals is that a line-of-sight 
must be maintained between transmitter and receiver if errors are to be avoided. These 
effects mean that acoustic trackers are typically low in accuracy and limited in range.
Moritz et al. (1983) used an acoustic method to locate an ultrasound probe in their system. 
Tlnee transmitters were mounted on the probe and an array of microphones, tuned to 100 
l<Hz, were located nearby, within 2 m. With this method the probe can be located to 
within ±1 mm with an orientation calculated to within ±1° at a distance of 500 mm from 
the microphones. However, an unobstructed Tine of sight’ must be maintained between 
the transmitters and receivers. This somewhat restricts the scamiing freedom of the 
operator. Temperature and humidity correction is required as speed of sound in air varies 
with tliese factors. This system takes at least 30 ms to update the position of the probe.
2,4.4 Electromagnetic
An electromagnetic tracker comprises one or more transmitters and receivers. A 
fluctuating magnetic field generated in the three orthogonal coils of the transmitter is 
picked up by tlnee corresponding coils in the receiver. The variations in the received 
signal are used to calculate the relative position and orientation between the receiver and 
transmitter with six DOF. The magnetic field may be AC or DC.
These devices are generally very flexible since the small size of the receiver allows it to 
be attached to human head or ultrasound probe with minimum intrusion. Although the 
working volume is generally not very large (typically less than 1 m for maximum 
accuracy), it is enough for monitoring the ultrasound probe position in this study.
Electromagnetic trackers suffer from several side effects. Firstly electromagnetic 
interference from devices such as radios or VDUs can cause erroneous readings. Secondly 
large objects made of ferrous metals interfere with the electromagnetic field, again 
causing inaccuracies. A further disadvantage is latency - up until recently the typical
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latency for an electromagnetic device is mound 4 ms, mostly due to filtering being 
performed on the data to remove noise.
The Polhemus 3Space Tracker (Polhemus Inc, Vermont USA, Figure 7.2) is an 
electromagnetic six degrees-of-freedom measurement device manufactured by Polhemus 
Incorporated (Polhemus, 1989). A Polhemus system consists of a stationary magnetic 
dipole transmitting antenna and one or more mobile receiving antenna. The position of 
the receiver is described by its relationship to a fixed Cartesian co-ordinate system (x, y, 
z) centered on the transmitter. A direction, or orientation, in relation to the transmitter is 
described by tlnee angles: azimuth (yaw), elevation (pitch), and roll. Both antennas 
consist of tlnee mutually orthogonal coils, or loops. The diameter of the loops is small 
compared to the distance separating the transmitter and receiver so that each loop may be 
regard as a point or infinitesimal dipole.
The main competitor to the Polhemus in this field is the Ascension "Flock of Birds" 
(Ascension Teclmology Corp., Vermont, USA), which differs from the Polhemus in that 
it uses a DC magnetic field, while the latter uses an AC field. Magnetic fields derived 
from DC current are much less susceptible to interference due to eddy currents being 
induced in nearby metallic objects but it is affected by the environmental magnetic field.
More recently the advent of electromagnetic spatial locators has seen these used in 3D 
ultrasound systems (Kelly et al., 1994; Pretorius and Nelson, 1994). A spatially varying 
electromagnetic field is generated by a transmitter located near the patient and a receiving 
sensor is moimted on the probe. This type of locator permits six DOF but is subject to the 
presence of ferromagnetic and conductive (metallic) objects, which may distort the field 
depending on the type of device and whether it uses AC or DC fields. The quoted 
translation accuracy of Polhemus Tracker is ±2.54 mm and the angular accuracy is ±0.5°.
2,5 Measurement D evice Selection
To fit the helmet and oxygen mask to the face, the recommended pressme is from 2.7 to 
6.7 IcPa (Skelton, 1995). In the facial tissue mechanical property measurement, 3 kPa 
pressure can indent facial cheek area tissue up to 30%, which is about 4.3 mm (Liang et 
al., 1998). There are large variations of the human facial soft tissue. For example, for
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white males, the standard deviation of soft tissue thickness in cheek area (occlusal line ) is 
about 2.5 mm (the mean thickness is about 14.4 mm).
The requirement for the 3D modelling method is ultimately determined by the 
requirement for FEA. However, at the begimiing of this study, the requirement for FEA 
was not well defined. This student wrote to several helmet and oxygen mask 
manufacturers about FEA requirement, but did not get any reply. The final performance 
of FEA is restricted by factors which include the accuracy of the geometric model and 
tissue mechanical properties. The more accurate the 3D modelling method, the more 
accurate the FEA within the constraints of the FEA software performance. If the 
biological variations of the surface model, tissue thickness and mechanical properties of 
the aircrew population are very lar ge, the accur acy of the geometric model does not need 
to achieve unnecessary high accuracy. In the absence of objective specifications, the 
requirement specification for 3D modelling was developed by this student on a pragmatic 
basis. The specified requirements were developed according to the limitations derived 
from the obtainable results from surface model, soft tissue thickness, and tissue 
mechanical property measurements.
From facial soft tissue thiclmess obtained by this student and other researchers (Phillips 
and Smuts, 1996; Rliine and Campbell, 1980, 1984), it was found that the thiclmess 
variation among samples, was large (see chapter 5). A target of ±0.5 mm accuracy was 
selected by this student, although this is an arbitrary value. This value was about 20% of 
the thiclmess variation value in the central face where the tissues are thick, and is a 
region of interest for oxygen maslc/tissue interaction simulation. At this defined accuracy 
level, there will be a contribution of less than 20% error to the tissue thiclmess 
measurement. It was accepted that it may contribute more errors to the tissue thickness in 
forehead area, where the tissues are relatively thin. At this subjectively defined limit, it is 
noted that the FEA constraints from other uncertainties to be used in the FEA technique, 
(e.g. tissue mechanical properties, which can have variations of 100% in measured 
values) would be a greater source of inaccuracy in a tissue model. Hence the ±0.5 mm 
was accepted as a practical working limit
The work of Robinette and Whitestone (1994) was studied carefully as they measured 
human facial profile to determine the fitness of the helmet, which might indicate clues of 
the requirement for the surface model. Although they did not give a specific value for the 
requirement of facial surface detection, they used a measurement tool which has an 
accuracy of ±0.8 mm, it suggested that the accuracy for facial detection did not need to be 
better than ±0.8 mm even for fit critical test. The requirement for surface model was 
determined when the biological variation of head size of the intended aircrew population 
was considered. For example, there are three sizes of Gentex (Gentex, Carbondale, 
Pennsylvania, USA) HGU-55/P Combat Edge helmets which are widely used by 
American Air Force. The median size of the Gentex helmet is for head circumference 
from 518 to 565 mm. If we assume the head is circular, then the radius is from 82.4 to 90 
mm, which has a variation of ±3.8 mm. The requirement for surface model was arbitrarily 
decided to be ±0.8 mm. The accuracy value will contribute less than about 20% error to
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the head surface detection at ±3.8 imn variation level. But this accuracy value will not be 
adequate for determining facial profile with less variation such as ±0.8 mm. Again, at the 
±0.8 mm level, the surface model will contribute little error to the FEA.
The design tool should be non-invasive and easy to use. The tracking of the dynamic 
changes of the soft tissue is desired when it is used for measuring the soft tissue 
mechanical properties.
X-ray CT scamiing is an invasive teclmique that in large doses can be dangerous to 
subjects. It is justified if the research is in conjunction with clinical diagnosis. MRI is 
non-invasive, but the acquisition time can be long depending on the quantity and quality 
of data required.
A-scan ultrasound was chosen as one of the tools for this research. It offers a relatively 
low cost method with the potential for exploring the different layers within the soft tissues 
overlying the cranial and maxillofacial skeleton. The extraction of the thiclmess is quick 
and reliable with better axial resolution than achievable by other teclmiques. Most 
importantly, it is able to distinguish soft tissue layers (Chivers, 1980,1981), because 
boundary reflections ai'e often clearly seen in the reflected ultrasound signal. A-scan 
ultrasound equipment is cheaper than B-scan.
Ultrasound can also be used to measure the tissue deformation interactively. It can be 
repeated without causing hazard to the subject. MRI is not suitable in determining tissue 
deformation under external loading because at present most of the test equipment is made 
of metal or involves electronics, which distorts the magnetic field used by MRI teclmique. 
This dynamic signal acquisition of ultrasound is important as it can be used to monitor the 
tissue deformation under external loading in real time to get the facial soft tissue 
mechanical properties.
Laser scarming was chosen for the surface contour detection because it can offer up to 
±0.5 mm accuracy. The output of the surface data is accessible and can be changed into 
the format suitable for 3D modelling. Photogrammetry and stereophotogrammetry are 
also useful to scan facial surface, but the UCL laser scanner was available to this 
researcher and was therefore used as the surface scaiming tool.
Of the various space location teclmologies, electromagnetic spatial locators currently 
offer accuracy, up to ±2.54 mm in translation and ±0.5° in orientation. Although the 2.54 
mm RMS error is too great as the tissue thickness in the forehead is only about 5.0 mm, 
the actual measurement suggests that the accuracy is better than the specification given by 
Polhemus (see chapter 7 for detail). Optical systems and six DOF mechanical arms are 
also worthy of consideration. However, these are relatively expensive and restrict or 
interfere with normal handheld scanning. An important advantage o f electromagnetic 
systems is that they do not require a clear* line of sight between the transmitter and 
receiver, as do optical systems. Polhemus device was chosen as it has advantages over 
other space location methods.
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3. Facial Tissue Anatomy and Zonal Definition
Anatomical knowledge is essential to interpret the ultrasound signal propagation in facial 
tissue. The facial anatomy is divided into two categories in this chapter. Layer anatomy 
describes the different tissue layers. Each of these layers has its own acoustic properties 
and will produce characteristic ultrasound echo patterns. There is a brief section on the 
regional anatomy of the feice, which looks at the underlying bone structure and the major 
muscles. The last section describes the zonal definition for the iso-thickness zone 
hypothesis evaluation.
3.1 Layer Anatomy
The ‘soft tissue’ covering the face is composed of three main layers, skin (epidermis and 
dermis), subcutaneous layer (superficial and deep fascia. Figure 3.1) and muscle.
Dermal  papillae  
co ld  r e c e p t o r  
H eat  r e c e p t o r
Nerue
Fat obules
Blood vessels
co n n ec t iv e  t i s sue
■Epidermis
— Dermis  
S eb a ceo u s  gland
-  A r re c to r  pill muscle
S w e a t  gland
—  s u b cu ta n e o u s  la ye r
Microsoft Illustration
Figure 3. 1 Structure of the skin and subcutaneous tissue (Microsoft Encarta 95).
35
Chapter 3 Facial Tissue Anatomy and Zonal Definition
3.1.1 Skin
Skin forms a protective, pliable covering over the entire exterior of the body. It is 
composed of a layer of closely packed cells, the epidermis, which rests on the inner 
fibrous layer, the dermis. It has a variable thiclmess, thickest on the palms, soles and back 
where it reaches about 6 mm. At tlie other extreme, over the eyelids it is only 0.5 mm 
thick. The overall average is 1 to 2 mm. The attachment of the skin vaiies from loose to 
tight. It is separated from the underlying structures in most parts of the body by 
subcutaneous tissue. The surface of the skin is pierced by the orifices of the sweat gland 
and hair follicles. Sebaceous glands dischai'ge into the superficial parts of the hair 
follicles.
3.1.2 Subcutaneous Tissue
The dermis of the skin merges into a layer of superficial fascia tissue, which in most 
regions allows the skin to move more or less freely over the underlying structures. The 
deeper part of the superficial fascia is often more fibrous than the rest of the subcutaneous 
tissue.
Loose connective tissue combined with adipose tissue forms the superficial fascia layer. 
Adipose tissue consists of cells called adipocytes, which are specialised for fat storage. 
This layer is a poor conductor of heat and therefore acts as an insulator, keeping body heat 
‘in’. It also provides a large energy and water reserve as well as providing mechanical 
protection. The thickness of this layer varies considerably from individual to individual 
and between sexes. It also varies from one body site to another. It is usually thicker than 
the dermis. In certain body areas, such as the face, muscle tissue is present in the fat layer. 
That is why the fat layer is sometimes echogenic.
The superficial fascia conducts the blood vessels that supply the dermis. In the face and 
neck it contains numerous volunteer muscles. On the scalp, the superficial fascia forms a 
dense fibro-fatty layer, which is adherent both to the skin and to the galea aponeurotica, 
which replaces the deep fascia in the scalp. This arrangement means that the tluee 
superficial layers of the scalp (skin, superficial fascia, and galea aponeurotica) move as a 
unit over the periosteum of the skull, which is separ ated from the galea by a space filled 
by loose connective tissue.
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The superficial fascia of the face contains the muscles of facial expression as well as the 
regional nerves and blood vessels. Superficial to the buccinator muscle and between it and 
the masseter muscle lies the buccal pad of fat. Over most of the face the superficial fascia 
is fairly tightly attached to the skin, especially in the region of the nose and external ear, 
where it is very scanty and ties the skin down to the underlying cartilages.
Deep to the superficial fascia there is a stratum of much denser fibrous tissue loiown as 
the investing layer of the deep fascia. This is a dense cormective tissue composed of 
tightly packed collagenous fibres. It holds muscles together, separating them into 
functional groups. The fascia also carries blood and lymph vessels and fills spaces 
between muscles. The thiclmess of this relatively inelastic material varies considerably 
from place to place. As the investing layer passes over superficial bony prominences it 
often becomes attached to them, and from its deep surface there arises sheets of similar 
material which penetrate between the muscles, forming intermuscular septa to which the 
muscles are often attached. These septa are themselves directly or indirectly attached to 
the underlying bone, and the whole arrangement serves to maintain the shape of the body.
In the temple, a strong layer of temporal fascia passes from the superior temporal line to 
the zygomatic arch. It covers the temporalis muscle and extends to the posterior border of 
the frontal process of the zygomatic bone, but does not enter the face. The deep fascia of 
the face is almost non-existent, though a recognisable layer occius over the masseter.
3.1.3 Musculature o f the Face
Below the deep fascia there may be muscles or bones present. A muscle consists of a 
number of fibres arranged par allel to each other. A group of fibres is laiown as a fasiculus 
and is surroimded by a stronger cormective tissue sheath.
The muscles are attached to various skull bones and the skin by tendons, which are 
composed of dense regular* connective tissue and contain a large number* of parallel 
collagen fibres. It is fine control of these muscles that enables us to produce a multitude of 
facial expressions as well as performing mastication and vocalisation. The main facial and 
masticator muscles are shown in Figure 3.2 and 3.3. Most superficial muscle layers may 
invaginate the subcutaneous fat layer of face.
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Figure 3. 2 Frontal view of facial muscles (Tortora and Grabowski, 1993).
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Figure 3. 3 Lateral view of facial muscles (Tortora and Grabowski, 1993).
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Temporalis is a strong fan-shaped muscle arising from the temporal fossa and from the 
temporal fascia that covers it.
The masseter muscle is the most superficial of the muscles of mastication. It is easily felt 
when the jaw is clenched. It is a flat muscle from the zygomatic arch downwards to the 
lateral surfaces of the coronoid process, ramus, and angle of the mandible. The superficial 
fibres run downwards and backwar ds to the angle of the mandible, and the deeper fibres 
run more vertically. The deepest fasciculi of the muscle often partly unite with the 
subjacent fasciculi of the temporalis. Deep to the masseter muscle lie the ramus and notch 
of the mandible and anteriorly the buccinator is separated from it by the buccal pad of fat.
The zygomaticus minor is a small bundle that comes from the anterior siuface of the 
zygomatic bone to be inserted into the skin and muscle of the upper lip. Zygomaticus 
major, somewhat larger, comes from the zygomatic portion of the zygomatic ai'ch and 
passes to the angle of the mouth, where it is inserted pai'tly into the skin and partly into the 
orbicularis oris.
The muscles around tlie mouth are arranged in four layers. The most superficial layer 
includes depressor anguli oris, orbicularis oris and the superficial part of zygomaticus 
major. Deep to this is the second layer that includes the platysma, risorius, zygomaticus 
minor and the deeper pait of zygomaticus major. The third layer includes levator labii 
superioris. The fourth and deepest layer includes the levator anguli oris, mentalis and 
buccinator muscles (Greyling and Meiring, 1992).
3.1.4 Major Blood Vessels o f Face
In the subcutaneous fat layer, small blood vessels of up to 0.5 mm in diameter may be 
present. These will give rise to closely spaced ultrasound echoes in an otherwise relatively 
‘echo free’ layer.
There are two major arteries on the face that may give rise to ultrasonic echoes. The facial 
artery branches form the external carotid artery. It follows a tortuous path around the 
mandible and penetrates the orbicularis oris. It then rims between the muscle and mucous 
membrane. Since this vessel is deep to the muscle it is unlikely to be recognised on an 
ultrasound trace because the muscle layer itself is very echogenic. The second major
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artery is the frontal branch of the superficial temporal artery moving upward, lateral to the 
eyes. It is possible that this artery will give rise to an ultrasonic echo, which may be 
distinct from the dermal echoes. However, behind it lies the large temporalis muscle and 
echoes from this are likely to ‘hide’ any echoes from the blood vessel.
There are two major veins in the facial region; which ar’e the venous counterparts of the 
two arteries mentioned above. The facial vein follows a much straighter path than the 
facial artery and passes from the medial corner of the eye down to the angle of the 
mandible. It passes under the zygomaticus major, risorius and platysma, then drains into 
the internal jugular. Because this vein is situated below a muscle layer it is unlikely to 
produce a distinguishable ultrasound echo. The superficial temporal vein follows a similar 
course to the superficial artery and eventually drains into the external jugular vein.
3.1.5 Underlying Bone and Scalp
It is important to have some laiowledge about the surface contours of the facial bones to 
perform ultrasonic thiclaiess measiuements as the tissue thiclmess is measured from the 
skin to the bone.
The soft tissue tends to follow the contours of the underlying bone and hence the outwar d 
appearance of the face does give some information about the facial bones (Figure 3.4 and 
3.5). To receive a maximum ultrasonic signal fiorn a soft tissue/bone interface the 
incident beam should be normal to the bone surface. A simple method of determining the 
general orientation of the underlying bone is to palpate the face. The ultrasound probe can 
then be applied to result in a normally incident beam upon the bone and then adjusted in 
order to obtain the ‘best’ signal.
The scalp, extending fiom the supraorbital arch and right over the head, is usually covered 
by hair, and consists of slightly different soft tissue layers to the rest o f the face. There are 
five layers, the most superficial being the skin. Below this is a layer of dense connective 
tissue and fat, then there is the aponerurosis (a tendon stretching between the frontalis and 
occipital muscles), loose connective tissue and finally the pericranium which covers the 
skull bone. It can be felt, on the scalp, that each of these layers must be very thin.
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3.2 Regional Anatomy
The purpose of this section is to determine if there is a support for the iso-thickness zone 
hypothesis. The first approach is to examine the anatomy of major bones of the skull and 
to subdivide them into regions of constant or flat reflecting surfaces. Once these areas are 
determined, a study of the muscle anatomy is done to establish how the muscle structures 
influence soft tissue thiclaiess. Each aiea will be introduced, described and a discussion of 
the muscle structure will follow.
The first region is the frontal bone. It is a lai'ge area that is relatively flat with the 
exception of two bulges on the forehead called the frontal eminence. The frontal bone 
zone is considered to be the region extending from the hairline to the superior orbital 
ridge, e.g. the top of the eyes. The fi'ontal bone is covered with the occipitofrontalis 
muscles that comprise of flat bands over the forehead from the skin of the eyebrow to its 
superior attacliment into the galea sponeurolicu muscle, which covers the scalp.
On the lateral side of the orbit lies the temporal fossa. This is a depression in the temporal 
bone, which is deep neai' the orbit and laterally shallows out above the eai\ Within this 
depression lies the temporalis muscle. This muscle can be up to 12 mm thick at the 
deepest part of the fossa. This muscle is attached to the temporal bone over the entire 
surface.
Next is the portion of the zygomatic bone that runs from just above the auditory meatus to 
the medial edge of the nose. The zygomatic process can easily be palpated from the 
surface of the skin. The anterior surface is flat and very little muscle overlays this section 
of the bone. However there are muscle attaclnnents for the zygomatic major which 
extends fr om part of the bone located inferior to the lateral side of the orbit, down to the 
mouth where it merges with the orbiculaiis oris. The masseter muscle also comiects on the 
inferior edge of the process and extends to the ramus where most of the muscle is 
attached.
The rest of the zygomatic bone is a highly irregular' siuface. Two muscles are attached 
here, the zygomatic minor and the levator labii superioris. Both muscles extend and merge 
into the orbicularis oris muscle.
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The maxilla is a relatively flat reflecting surface except for the region along the upper jaw 
line where there is an eminence as a result from the embedded tooth root. The area of the 
maxilla around the jaw slightly protrudes resulting in a concavity over the entire surface 
of the maxilla. Many muscles lie over and comiect to the maxilla. The already mentioned 
levator labii superioris, zygomatic major and minor and the orbicularis oris are present. 
Additionally, the levator anguli oris extends from below the orbit to the mouth where it 
blends partly into the skin of the mouth and partly into the orbicularis oris. The buccinator 
arises from the maxilla and mandible and extends into the orbicularis oris.
The final area is the mandible. This appears to be very flat and even. The muscles that 
cover this region are the masseter muscle, depressor labii inférions, depressor anguli oris 
and risorius. In the bottom mandible area, the bone protrudes.
From the above description, it seems that there is a support for the iso-thickness zone 
hypothesis, as different par t o f the face composes of different tissues and they are unique.
3.3 Iso-thiclaiess Zone Definition.
Based on their facial soft tissue thickness measurement, Jelier and Hughes (1993) 
proposed a hypothesis that the face might be divided into several zones, within which 
tissue thickness would vary within certain range, but differ greatly between zones. If this 
hypothesis is valid, then the soft tissue modelling can be speeded up since only one 
thiclaiess measurement needs to be determined within each zone.
Jelier and Hughes (1993) did not define the concept of “constant” in terms of quantitative 
variation which would be acceptable. The following examples show situations where 
either 10% or 30% variation could be regarded as “constant” depending on the 
applications.
The median size of the Gentex (Gentex, Carbondale, Pennsylvania, USA) helmet is for 
head circumference from 518 to 565 mm. If we assume the head is circular, then the 
radius is from 82.4 to 90 mm. The radius difference is about 10%. The average of 82.4 
and 90 is 86.2 mm. It means that even if your head radius is 90 mm, you have to wear' the
86.2 mm helmet. Let’s assume that the skull is non-deformable under the helmet fitting, it
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means that 3.8 mm deformation is shared by the forehead facial soft tissue and the helmet 
pad. If we assume the frontal pad of the helmet is deformed for 3.0 nun, as the facial 
tissue in the frontal bone area is rigid (Liang et al., 1998), that means the forehead soft 
tissue deformation is 0.8 mm. The average thiclaiess of the soft tissue on forehead is 4.7 
mm for white man (see chapter 5). The tissue deformation is 17%. So if the thiclaiess 
variation within a zone changes within 10%, it is regarded as uniform.
In the facial tissue mechanical property measurement, a 0.3 N force (over an area of 100 
mni^, the stress is 3 kPa) can indent facial tissue up to 30%. (Liang et al., 1998). To fit the 
helmet and oxygen mask to the face, the recommended pressure is from 2.7 to 6.7 kPa 
(Skelton, 1995). When the tissue is conditioned after repetitive load, even less force is 
needed to deform the tissue (Liang et al., 1998). So 30% thickness variation could be 
regarded as uniform.
The 10% and 30% are arbitrary values based on the above generalisations. The 
requirement for zonal definition was that as few zones as possible should be defined. It is 
possible that smaller zones can be defined such that the thiclaiess within zones varies less 
than 10% e.g. if hundreds of zones are defined. But if this were to be used as the zonal 
definition the zonal approach would lose its originally anticipated benefit -  which was to 
speed up the thickness acquisition. The 10% to 30% measures of thickness variation were 
retained as limits for evaluating the usefulness and occurrence of “uniform thickness” 
zones, for the purpose of this study.
Based on sample tissue thickness data and the anatomic skeletal and muscular structure as 
described in the previous sections, 11 iso-tliiclaiess zones were designated (Figure 3.6). 
The tissue thickness is measured within the zones at point arranged as a grid referenced by 
a column number and a row number as specified in Figure 3.6. The zonal boundaries are 
identified by inspection and palpation of the face. The question of the accuracy of the 
boundary location is addressed when the results of the data are reviewed in chapter 5. It 
should be noted that there aie gaps between the zones.
Frontal bone (fb): This zone extends from the inferior boundary of the hairline to the 
superior supraorbital ridge. It covers the entire forehead to the lateral frontal process of 
the zygomatic bone. Within this zone, it is anticipated that the thiclaiess variations would 
be minimal due to the flat bone smface and the complete covering of the occipitofrontalis 
muscle.
Brow (br); The brow zone lies just above the superior nuchal line. This superior 
boundary is just above the eyebrow. The medial and lateral boundaries occur at the 
corresponding ends of the supraorbital ridge.
44
Chapter 3 Facial Tissue Aiiatomv and Zonal Definition
Temporal (tp): The squamous portion of temporal bone marks the superior
boiuidaiy and the superior edge of the zygomatic bone marks the inferior boundary. It 
extends medially to the orbital ridge and laterally to the hairline. This zone is simple to 
locate anatomically. However due to the variable depth of the temporal fossa and the 
embedded temporal muscle and deep facia, it is anticipated that different thiclaiess of the 
soft tissue would occur, so thickness variation should be greater than within the above two 
zones.
za
2 mm2 ck
cn
2 rm
2 bm
Figme 3. 6 The predefined 11 anatomical zones
Zygomatic arch (za): It is expected that an area along the process, which is highly
visible in some people, would have “constant” thickness. There are few muscles that 
overlay the process. This zone has been defined as having its boundaries at the superior 
and inferior edges of the process. The medial boimdary has been chosen at the point where 
the process dips inferiorly which can be felt tluough palpation. The lateral bomidary is 
near the ear.
Zygomatic bone (zb): This zone has been defined to run from the lateral border
with the zygomatic process as just described above. Following the curve of the bone to its 
junction with the maxilla defines the inferior bomidaiy. On the medial side, the boundary 
is talcen up to where the nasal bone and cartilage start to protrude. The superior bomidary
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is the lower ridge of the orbit. Within this zone lay the muscles: the levator labii superioris 
alaequi nasi, the levator labii superioris, the zygomatic minor and the zygomatic major. It 
is thought that these muscles, although relatively thin, along with the variable shapes of 
cheekbones, would contribute to thiclaiess differences within this zone.
C heek  (ck): This zone is defined with a superior boundary as the inferior edge of the 
zygomatic process. The inferior boundary is the superior edge of the bottom mandible. It 
laterally ranges to the edge of the masseter muscle and medially, to the imaginary line 
perpendicular' to the lip. The buccinator is the main muscle lying within this region. The 
cheek is not attached to any bone surface and with the reflecting surface being an air 
pocket or teeth.
Masseter muscle (mm): This zone comprises solely of the masseter muscle that is
loiown to be thicker because it is used for mastication and therefore more powerful. This 
zone extends from the superior bormdaiy of the inferior side of the zygomatic process to 
the superior boimdary of the angle of the bottom mandible. Laterally it begins at the 
medial edge of the ramus. The medial boundary is the edge of the muscle itself that can be 
felt through palpation, which is attached to the bone.
Ramus (rm): Jelier and Hughes (1993) did not propose this zone. They included this 
zone in the masseter muscle zone. Because ramus is the place where the masseter muscle 
attaches to the mandible, the masseter muscle tends to be thimier here, therefore it is 
defined as a sepaiate zone. This zone extends from the inferior to the zygomatic process 
to the superior of the bottom mandible. The medial side is the lateral side of the masseter 
muscle zone. The lateral side is the lateral edge of the mandible near the ear.
L ip  (Ip): The lip zone covers much of the maxilla. It extends fiom the superior
boundary of the bottom of nose down to the inferior boimdary of the edge of upper lip. 
Medially it begins at the mid-sagittal plane and laterally ends at an imaginary line 
extending perpendiculai* to the most lateral edge of the lip. The orbicularis oris is the main 
muscle roimd the mouth and lip.
Chin (cn): This zone covers from the superior boundai'y of the bottom lip to the
inferior edge of the mandible. Medially, the boundai'y is the mid-sagittal plane. The lateral
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boundaiy is the imaginary line at the lateral edge of the mouth. As within the bottom 
mandible zone a thinning at the inferior boimdary is expected.
Bottom mandible (bm): This zone covers the bony surface of the mandible from the 
inferior boundaiy of the tooth line to the inferior edge of the mandible. It extends laterally 
to the medial edge of the masseter muscle. The medial boundary is a somewhat aibitraiy 
imaginary line drawn perpendicular* to the lateral point of the mouth, as with the medial 
boundary of the cheek. The depressor labii inferioris, depressor anguli oris and playsma 
muscles have attachments on the mandible in the medial and lateral side of this zone. A 
protrusion in the mandible towards the inferior edge is expected to cause a thiiming of the 
soft tissue along this region.
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4. Ultrasound Thickness Measurement
The A-scan ultrasound is adopted for the facial soft tissue thiclaiess study, so it is 
necessary to discuss the ultrasound properties and its processing. The hardware in this 
study is described. The digital signal processing techniques used to automatically extract 
the facial soft tissue thiclaiess from the ultrasound signal is discussed. The experimental 
method of the thiclaiess measurement and validation of the automatic thickness extraction 
algorithms are described with a detailed explanation. The first two sections are mainly 
literature review. Other sections aie about the work carried out by this reseaicher.
4.1 Theoiy o f Ultrasound
Sound is the transmission of mechanical energy through a medium. Periodical changes in 
the pressure of the niedimn are created by forces acting on the particles, causing them to 
oscillate about their mean or average positions, principally in the direction of propagation 
of the sound wave (longitudinal wave motion). The physical phenomenon of ultrasound is 
the same as that of normal audible sound and ultrasoimd is the term used to describe 
sound when the pitch is above the hmiian hearing range (>20 kHz). The transmission and 
reflection behaviour is essentially the same as for audible sound, with differences due to 
the scaling.
The interaction of ultrasound with tissue structui’es gives rise to information that is 
directly related to the acoustic properties of the tissues as ultrasound is altered by the 
tissue through which it passes. At the boundaries between different tissue types, it is 
partially reflected and can be bent by refraction. It is scattered from the main beam by 
small tissue structures and it loses energy by absorption. These effects are important in 
the consideration of processing and interpreting artefacts of ultrasoimd signals.
4.1.1 Velocity o f Ultrasound
The velocity of transmission of the ultrasound is dependent on the density and spacing of 
the particles in the media and the strength of the forces of attraction between the particles 
(compressibility). The speed (c) of transmission increases as the strength of attraction
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between particles increases and decreases as the density of the particles increases. The 
exact relationship is shown below (Fish, 1996):
c =  I— (4. 1)
\P
s - c t ! 2  (4.2)
where
p  -  density (kg/m^).
k  = elastic modulus (stiffness) = stress/strain (kg/(ms^)). 
t ~ echo return time (so s is divided by 2). 
s = the distance from the ultrasound transducer to the tai'get.
In ultrasound, there are three situations in which knowledge of the velocity of sound is 
relevant. By far the most important is the conversion of echo-return time into depth of 
tissue (4.2). Other situation includes the fact that velocity of ultrasound can be used to 
calculate the acoustic impedance of tissue (see §4.1.2). Additionally, if  the velocity of 
ultrasound differs in two tissues, an ultrasonic beam may be deviated on crossing an 
interface between them. This is known as refraction (see §4.1.3).
The temperature dependence of velocity appears to be quite complicated. The gradual 
increase of velocity with temperatine for non-fatty tissues is contrasted with a rapid 
decrease of the velocity in fatty tissue with increasing temperature as much as 15% 
between 20 and 40°C (Nasoni et al., 1979; Bamber and Hill, 1979).
4.1.2 Specular Reflection
In A-scan ultrasound, the transducer acts as both the transmitter and receiver. A pulse is 
transmitted tlirough a medium with acoustic impedance Z (kg/m^sec), which is defined as 
the product of the acoustic velocity c (m/s) and mass density p  (kg/m^) of the medium 
(4.3). The acoustic impedance is a measure of the resistance to sound passing tlii'ough the 
medium. At the interface between two media with different acoustic impedance, some of 
the incident pulse is transmitted thi’ough the second medium and some of the pulse is 
reflected back to the receiver. The proportion of wave transmitted and reflected is 
dependent upon the ratio of the impedance.
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medium 2
Figure 4. 1 The incident (Ij), transmitted (7  ^and reflected (Ir) intensities at a plane 
interface between media of acoustic impedance Z/ and Z2
If the interface is perpendicular to the direction of propagation (Figure 4.1) then the 
intensities of the ultrasound beam reflected (7^ ) and transmitted (/,) at the interface, 
expressed as a fraction of the incident beam intensity (/,), are governed by the acoustic 
impedance of the two media as:
Z = p x c
7, (Z 2  + Z,) '
4Z,Z,
(4.3) 
(4. 4)
(4.5)T = I -  = \ - ^  =I, I, (Z ,+ Z ,)^  
where
R = intensity reflection coefficient.
T = 1-R = intensity transmission coefficient.
From (4.4), if Z2 = Z/, there is no reflected intensity and the whole wave is transmitted 
into medium 2. The greater the difference between Z2 and Z/ the greater the intensity 
reflection at the boundary. Table 4.1 gives the velocity and acoustic impedance of some 
materials.
So, for example, on the fat/muscle interface, the intensity reflection coefficient is 0.01, 
that is 1% of the incident intensity is reflected from the interface, which means 99% of
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the incident intensity is transmitted into the muscle. An interface involving bone as one of 
the two media will produce a much larger and therefore more easily detectable echo. At a 
muscle/bone interface the intensity reflection coefficient is 0.41. That is, 41% of the 
incident intensity is reflected.
Table 4.1 The ultrasound velocity and acoustic impedance of some materials (McDicken, 
1981; Fish, 1996):
Material Acoustic Impedance
(lO ^k g m 'V )
Velocity of Sound 
(m/s)
Aqueous humor 1.50 1500
Air 0.0004 330
Blood 1.61 1570
Bone 7.80 3500
Brain 1.58 1540
Fat 1.38 1460
Muscle 1.70 1580
Soft tissue (average) 1.63 1540
Skin 1.60 1640
Perspex 3.20 2680
Rubber 1.47 1550
Water (20°C) 1.48 1480
Air has very low acoustic impedance, 0.0004 xlO ^ kg nUs’’ and at any interface of the 
human tissue where air is one of the two media, there will be almost 100% reflection. It is 
therefore possible to obtain very large echoes aromid the cheeks by asking the subjects to 
inflate their cheeks. It is also necessaiy to eliminate air from between the transducer and 
the region of measurement.
4.1.3 Refraction
When the ultrasound is incident on the surface at non-zero angle to the perpendicular at 
the surface, the reflected and transmitted intensities are dependent not only on the 
acoustic impedance but also on the angle of incidence. The beam deviation is dependent 
on the difference of the ultrasound speeds (not impedance) and the refracted beam bends
51
Chapter 4 Ultrasound Thiclaiess Measui*ement
away from the perpendiculai* if the speed in the second medium is higher than the first 
and vice versa. In all cases of specular reflection the angle of incidence equals the angle 
of reflection.
Refraction of the ultrasound beam is not of inmiediate concern in measuring soft tissue 
thiclaiess provided the retuining signal is sufficiently strong to be received. Refraction 
simply adds to the apparent attenuation of the signal both in transmission and reflection. 
Spéculai* reflection and the refraction of incident signal all lead to a reduction of the 
strength and aie to be avoided by orienting the probe normal to the critical reflection 
surface.
4.1.4 Non-Specular Reflection and Scatter
If ultrasound is incident on a rough surface (Figure 4.2) or on particles with a size smaller 
or comparable with the wavelength (Figure 4.3) then the ultrasound is scattered in almost 
all directions. Generally the ultrasound power loss from the beam (scattered power) 
increases with frequency and, in par ticular, if  the scattering par ticles are small compared 
with the wavelength then the scattered power is proportional to the fourth power of the 
ultrasoimd frequency (Fish, 1996). The surfaces involved in this study are assumed to be 
relatively smooth. This assumption is pragmatically valid, since returning signals which 
are not sufficiently defined are not accepted as data.
4.1.5 Absorption and Attenuation
In addition to the scatter processes described above, ultrasomid energy is also lost from 
the beam by absorption in which it is ultimately converted into heat. This generation of 
heat is not significant at the beam energies involved in diagnostic techniques such as the 
one used here. When an ultrasonic transducer generates an ultrasonic wave in a medium, 
it imparts energy to the particles of the medium in the form of orderly vibrations. 
Absorption of ultrasound is the process by which this orderly vibration energy is 
dissipated into other forms such as the random molecular motions of heat or internal 
molecular energy. As an ultrasonic plane wave passes tlii’OUgh an absorbing medium, its 
intensity and amplitude decrease exponentially (Fish, 1996).
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Scattered signal
Scattering off an uneven surface.
Incident signal
Scattered signal
Figur e 4. 3 Scattering off particles.
Ultrasonic absorption increases with ultrasound frequency in the materials and frequency 
range met in this study. Since absorption has fr equency dependence, the upper limit o f the 
working frequency range is a result o f absorption processes becoming prohibitively strong 
as this limits the penetration distance.
When ultrasound travels through human tissue the pulse is undergoing continuous change 
because the human tissue is inhomogeneous, the most significant o f which is attenuation. 
Attenuation is the progressive weakening o f the pulse as it travels through the various 
media (skin, fat, muscle and bone). The processes through which attenuation occurs are 
absorption, reflection, and scattering.
The equation describing the change o f intensity with depth is (Fish, 1996):
I  = h e ~ "  (4.6)
where
I  = Intensity at depth x 
Jq  = Intensity at depth zero
a. = Attenuation coefficient = % + «s (absorption plus scattering coefficients)
The unit o f a  is m '\
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The overall attenuation coefficient is the sum of the absorption and the scatter 
coefficients. Since the fractional change in intensity is a ratio, it can be expressed in 
decibels.
The attenuation coefficient is approximately proportional to fiequency and is frequently 
given in the form shown below:
a  = J f  
where
k  is the attenuation coefficient in dB n f  ^ MHz'*.
/ i s  the ultrasound frequency.
Table 4. 2 Attenuation coefficient at 1 MHz (Fish, 1996)
CL 7)
Material Attenuation coefficient dB m'*
Blood 18
Fat 60
Muscle (across fibres) 330
Muscle (along fibres) 120
Liver 90
Soft tissue 80
Skull 2000
Water 0.22
Typical attenuation coefficients are shown in Table 4.2. From the table, it can be found 
that ultrasound signal travelling in muscle attenuates more than in fat or other soft tissues. 
The attenuation of skull is even much greater than that of the muscle. That is one of the 
reasons why there are almost no ultrasound traces in the skull area. This phenomenon is 
used to determine the multiple reflection effect when interpreting the ultrasound signal 
(see chapter 5).
The dependence of attenuation on frequency has an effect on pulse spectrum shape and 
therefore on the shape of the ultrasound pulse. The high frequency components of the 
ultrasound spectrum are attenuated far more strongly than the lower frequency 
components and therefore the mean frequency of the spectrum decreases and the spectral
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width decreases, leading to an increase in pulse length and thereby poorer axial 
resolution.
4,1,6 Resolution
There are two aspects of resolution involved in ultrasonic scamiing: axial (longitudinal) 
resolution and lateral resolution.
4.1.6.1 Axial Resolution
Echoes can only be resolved from specular reflectors at greater distances from each other 
than half of the pulse length in that medium. If the pulse transit time between two 
reflectors is less than half of the pulse length, echoes from the two reflectors will 
interfere. These two structures will not be resolvable. The shorter the pulse length, the 
closer the two structui'es can still produce resolvable echoes.
Resolution improves with increasing frequency. Wlien imaging a region of the body, an 
optimum frequency must be chosen which gives the best resolution possible whilst still 
giving adequate penetration. In this study, frequency up to 13.2 MHz is chosen to allow 
for penetration up to 40 mm (Foster et ah, 1993) and resolution up to 0.12 mm (taking the 
speed of sound in soft tissue to be 1550 m/s) which is suitable for facial soft tissue 
thickness measurement.
4.1.6.2 Lateral Resolution
Lateral resolution is dependent upon the beam width. Any echoes retmning from 
reflectors from any location within the beam will be recorded by the system as having 
ai'isen from a position on the longitudinal axis of the beam. Hence the position of a 
reflector can only be obtained with an accuracy of 1/2 beam width.
To improve the lateral resolution it is necessaiy to focus the ultrasound beam. Ultrasonic 
waves can be focused by using curved transducer. This will produce a narrow beam over 
a finite range. The beam shape used here is designed to be narrow in the typical 
operational regions of tissue thiclaiess encountered.
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4.1.7 S afety o f  Ultras ound
It is impossible to give absolute reassurance to the safety of ultrasound scanning, but 
ciuTently there is no conclusive evidence of adverse biological effects of ultrasound 
energy at diagnostic power levels, despite extensive study (Martin, 1984; Stewart and 
Moore, 1984). It should be emphasised that the exposure of the subject to ultrasound in 
this study is brief, there would therefore seem to be no hazard associated with the 
technique.
The risks in ultrasound are thermal effects, cavitation and direct mechanisms (Baiter and 
Dairymple, 1978). The thermal effect requires intensity levels greater than 100 times 
those used in diagnostic ultrasoimd. Cavitation refers to “ regions o f ... stress... in liquid 
sufficient to break subcellular structures" (Baker and Dairymple, 1978). Intensity levels 
required to produce this effect must be more than 2000 times greater than those used in 
medical applications. Direct mechanisms, or mechanical effects on tissue, have been the 
subject of extensive research for many years. The possible ultrasonic acceleration of 
chemical reactions or clnomosome damage has been of some concern. However, “the low 
megalieitz frequency range there have been no demonstrated significant biological effects 
in mammalian tissues exposed to intensities below 100 mW/cm^. Most diagnostic 
machines operate in the 15 mW/cm^ Range” (Baker and Dairymple, 1978). An ultrasonic 
intensity of 100 mW/cm^ or less is of little or no hazard for at least 10,000 seconds (Baker 
and Dairymple, 1978). The seamier used in this study operates at a time-averaged 
intensity level of 23±7 mW/cm^ (Dermal Monitor, Operators Manual), and the average
time of exposure to ultrasoimd is from 5 to 15 seconds. Therefore the system is 'safe' for 
considerably longer exposine time than employed in this study.
4.2 Acoustic Anatomy
One of the chaiacteristics in ultrasound signal to be interpreted is the echogenicity. 
Echogenicity is related to the collagen content or the discontinuity of the soft tissue. The 
more collagen fibres a tissue contains, the more echogenic it will be. Deep facia and 
muscle are both collagen rich so their corresponding echoes look (schematically) as 
shown in Figure 4.4.
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Figure 4. 4 Collagen rich echogenicity. 
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Figure 4. 5 Low collagen content echogenicity.
Fat has a low collagen content (almost none) resulting in a virtually echolucent layer 
ideally as shown in Figure 4.5.
The ideal echo signal to use as a basis for interpretation appears as shown in Figure 4.6. 
Unfortimately, due to random signal noise levels, muscle interlacing with fat and multiple 
reflection effects (see §4.3.1), the fat layer normally appears as slightly echogenic.
The other characteristic examined is the phase of the echoes. When the ultrasound signal 
is being transmitted from a higher impedance layer to a lower impedance layer there is a 
phase shift in the signal of 180°. This is useful when interpreting a signal to determine the 
muscle/bone or tissue/air interface.
Voltage 
A
■>
Time
Dermis
Fat Muscle
Figure 4. 6 Ideal signal.
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4.3 Hardware o f the Ultrasound System
The hardwai'e includes the ultrasound transducer, A-scan ultrasound scanner, high-speed 
data acquisition board and a PC.
4.3.1 Transducer Specification
In order to interpret the ultrasound echoes properly, the specification of the transducer 
should be known. Normally, ultrasound frequencies centred between 1 and 8 MHz and 
bandwidths of at least 50 percent are employed in general purpose clinical applications to 
obtain acceptable range resolution while achieving the required penetration for adequately 
viewing body tissues. Increasing the frequency further results in the system penetration 
being severely compromised, due to the exponentially increasing ultrasonic attenuation 
coefficient of tissue with fi'equency. However, penetration can be substantially sacrificed 
for increased resolution in this study, as the thickest site on the face is less than 30 mm.
If an electric potential is applied across a piezoelectric material, electric charges bound 
within the material interact with the applied electric field to produce a mechanical stress 
wave. The reverse happens if a mechanical force causes the transducer to change its 
dimensions, then an electric potential is set up. Therefore the transducer can act as both 
transmitter and receiver.
There are three piezoelectric ultrasoimd transducers available for use in this study. The 
characteristics of the ultrasound transducers were determined by Jelier (1995).
Table 4. 3 Characteristics of ultrasound transducers (Jelier, 1995).
Transducer
#
Frequency Maximum
Voltage
Focus
Distance
Focus Width
88169 13.2 MHz 57 mV 37 mm 2.7 mm
88163 10 MHz 57 mV 29 mm 1.1 mm
88002 12.5 MHz 17 mV 37 mm None
The ultrasound probe should be designed so that the distance from the end of the probe to 
the focal point of the transducer is ideally at the point to be measur ed. As the soft tissue 
thiclaiess in face varies from 3.3 to 21.6 mm, making it impossible to put the focus of the 
transducer at the tissue boundaries. We had to put the focus of the ultrasound transducer
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at a distance greater than the depth o f the deepest surface to be scanned, since after the 
focal point the ultrasound pulse diverges and a reduced echo will be experienced.
It is necessary to eliminate air between the transduc7er and the skin surface by creating a 
water column between the crystal and the first contact position on the skin. The water 
used in the column is degassed and when assembling the probe it is ensured that all air 
bubbles are eliminated. The probe is coupled to the skin surface using a water-based gel 
(Aquasonics 100, Parker Laboratories Inc.).
Water
Gel JSkin
Subcutaneous tissue
Muscle Bone or air
Transducer
D
Figure 4. 7 Propagation o f ultrasound in tissue
When the signal travels through the tissue, there are reflections in the skin, fat, muscle 
and bone surface (Figure 4.7). Between the muscle and bone there are multiple 
reflections. The main part of the incident beam is reflected at the bone surface and travels 
back to the transducer, while some o f the returning signal is also reflected at the muscle 
surface, bounces back to the bone again and reflected once more to the transducer. These 
multiple reflections appear as small echoes after the major reflection fi"om the bone. The 
complexity o f the signal will therefore depend on the nature of the tissue in the section 
being measured.
4.3.2 Dermal Monitor (DM70)
The ultrasound equipment is the Dermal Monitor DM 70 (Cutech, Stiefel laboratories 
(UK) limited). This system (Figure 4.8 and 4.9) was designed for measuring skin and scar 
tissue thickness. It is capable o f measuring depths of 0.05-50 mm.
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Controls
Outputs
Transducer
Trigger
Output/Input
Gain
signal amplification
Dermal Monitor
Delay
facility to locate trigger
RF
Amplified (40 dB) signal
Video
rectified & amplified (60 dB) signal
Figure 4. 8 Block diagram o f Dermal Monitor.
AProbe
Scanner
Figure 4. 9 Ultrasound transducer and Dermal Monitor
An electrical pulse driver delivers a brief pulse (10 ns rise-time) to the ultrasound 
transducer in the order of -150 to -250 V. The piezoelectric transducer transmits and 
receives that pulse after interaction with the tissue. The received electric signal is directed 
toward either a radio frequency (RF) or video amplifier with 70 MHz bandwidth which 
amplify the signals by 40 dB (100 times) and 60 dB (1000 times) respectively. The video 
amplifier will rectify the signal to be unipolar. Outputs from either one o f the amplifiers
60
Chanter 4 Ultrasound Thiclaiess Measurement
are possible for examination of the return echoes on an oscilloscope, but tlie original 
signal (RF) rather than partially processed (video) data is used for data processing in this 
study. There is a pulse trigger output to synchronise the signal acquisition board to the 
DM70. The “Gain”, “Delay” and trigger are controllable to alter the magnitude and allow 
a particular part of the signal to be acquired. The trigger unit delivers a 1 jus TTL pulse at
a rate of 1.4 kHz to trigger the data acquisition.
4.3.3 Data Acquisition Board
In order to sample the 13.2 MHz ultrasoimd signal, the sampling rate should be higher 
than twice the highest frequency component of the signal. Various data acquisition boards 
were considered and the Gage CompuScope CS2125 (Gage Applied Science Ltd, Quebec, 
Canada) data acquisition board meets the system requirements. Figure 4.10 shows the 
block diagram of the board. It works like a digital oscilloscope. The teclmical 
specification of this board is shown in Appendix C.
The input analogue signal is amplified by the board and digitised witli a resolution of 8 
bits. The CompuScope 2125 uses two AD converters, each running at 125 Mega samples 
per second (MSPS), to achieve fast digitising at rates up to 250 MSPS. In the single 
chaimel mode, it routes the signal connected to chamiel 1 to both AD converters and 
interlaces the clocks for the two AD devices to devote the entire memory to channel 1, 
thereby giving 250 MHz sampling rate. In the dual channel mode, these AD converters 
provide two channels of simultaneous sampling at up to 125 MSPS for inputs connected 
to channels 1 and 2.
CH 1
C H 2
Ext.
Gain and offset
o
ADC 8 bit
' — c
Gain and offset ADC 8 bit
Trigger Timing
Memory CH 1
ISA data buffer
Memory CH 2 IF
16
Bit
ISA
BUS
Figure 4. 10 Block diagram of Gage CompuScope CS2125 data acquisition board.
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The data stored in the board memory can be transferred to the computer memory for post 
processing through system Bus. In fact, its memory is mapped into the computer system 
memory, so it can be accessed just as easily and quickly as the computer’s own memory.
Its bandwidth is 125 MHz with a linear accuracy of ±2%. The board is plugged into the 
ISA slot and is driven by Lab VIEW software. The data depth of the board is 256 kB, 
enough for this study. With 250 MSPS, 30 mm thiclmess only needs about 10 k data 
(4.8). If 16 cycles coherent averaging (see §4.4.2 for detail) is needed, it only requires 
about 160 kB data storage space.
Storage space = .y/v x / x 2  = 30 / 1.55 x 250 x 2 = 9677. (4. 8)
s is the thickness (30 mm).
V is the speed of ultrasound (1.55 mm/ps).
/ i s  the sampling fi'equency (250 MHz).
The required storage is doubled to allow for the transmission and reflection nature of the 
signal.
4.3.4 Pentium II 266 MHz PC
A Pentium II 266 MHz PC is used to drive the data acquisition and processing system. 
The computer is configured with 64 M RAM, 8.4 GB hard disk and 4 MB graphics card. 
The AD board is plugged in an ISA slot, function commands recognisable by the AD 
board control the sampling, transferring data to the PC, manipulating file formats, 
processing and saving the data.
4.4 Ultrasound Signal Processing
If tlie echoes along a single line of sight aie stored and treated as a single dimensional 
time sequence, many of the standard digital signal processing techniques can be 
employed. Application of standard one dimensional data processing tecliniques of 
coherent average, moving average and bandpass filtering have been used to give greater 
signal-to-noise ratio in A-niode ultrasound echo (Decker et al., 1973; McSherry, 1974;
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Robinson et al., 1976; Fraser et al., 1979) and these techniques are discussed in this 
section. Before this discussion, the power spectrums of the whole system including the 
ultrasound signal, data acquisition board and ultrasonic instrument are analysed to see if 
there is a need to apply the signal processing techniques to remove the interference and 
noise in the hardware. It should be noted that some of the processing techniques are 
developed especially for the automatic thickness extraction.
The PC based software environment LabVIEW® is used for application development, 
which is a powerful software tool developed by National Instruments (Texas, USA). This 
graphical programming language provides many data acquisition and signal processing 
functions. Programmers can connect different modules provided by LabVIEW to 
complete certain tasks.
4.4.1 Power Spectrum Analysis
The noise and interference o f the whole data acquisition system come ft-om data 
acquisition board and ultrasound equipment itself. In order to find the noise fi*om the data 
acquisition board, the input of the AD board was disconnected, and the signal was 
sampled. The signal was the unwanted signal o f the data acquisition board.
0  1 0 0 0  2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0  6 0 0 0  7 0 0 0  j
Figure 4. 11 Signal with the AD board without DM70.
Figure 4.11 is the AD board signal. The X-axis is the time sequence o f the signal, the unit 
is 4 ns (1/250 MHz, the signal was sampled every 4 ns). Y-axis is the amplitude of the 
unwanted signal (maximum is ±128), it is very low, 1.7 out of 256 or 0.7%. The 
unwanted signal is from the electronic circuits in the AD board. Figure 4.12 is the power 
spectrum of the unwanted signal. The X-axis is the frequency o f the signal. The Y-axis is 
the relative amplitude of the signal frequency components. The signal spectrum shows 
peaks at 48 and 75 MHz. It indicates that it is not white noise and can be removed by 
digital filtering.
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MHz
Figure 4. 12 Power spectrum of the signal with the AD board without DM70.
The electrical components of the ultrasound equipment DM70 also contribute noise and 
interference. Figure 4.13 was sampled with the radio frequency output of the DM70 
connected to the input of the data acquisition board, but the ultrasound transducer was not 
connected to the DM70. The noise level rises to 5.8 out o f 256 or 2.4% and signal pattern 
is different. The frequency content of the noise centres occurs at 30, 60 and 120 MHz 
(Figure 4.14). They are well separated from the frequencies of interest in the ultrasound 
signal.
4 0 0 01000
Figure 4. 13 Signal sampled with the AD board and DM70.
1317r
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Figure 4. 14 Power spectrum of the signal with the AD board and DM70.
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Figure 4. 15 Ultrasound signal o f soft tissue in frontal bone area.
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Figure 4. 16 Power spectrum of ultrasound signal, half power width from 5 to 15 MHz.
Next the ultrasound signal of soft tissue in frontal bone area was sampled with the data 
acquisition board, DM70 and transducer connected (Figure 4.15). The power spectrum 
(Figure 4.16) is concentrated from 5 to 15 MHz. The 30 MHz peak seems to have 
vanished between Figure 4.14 and 4.16. This is due to the large peaks at about 10 MHz. 
The amplitude in other frequencies becomes comparatively smaller. They are buried in 
the background. Although there are two peaks at 60 and 120 MHz, which are from the 
noise and interference o f the AD board and the DM70, their amplitudes are much smaller 
than the ultrasound signal and their frequencies are higher.
After the power spectrum of the signal and noise is obtained, the processing methods to 
remove unwanted signal and extract signal can be evaluated.
4.4.2 Coherent Average
In general data contains superimposed broadband noise (quantisation errors, sensor noise 
etc.). In order to reduce these fine structure intensity fluctuations, signal averaging 
operations are frequently performed on the distorted signals.
Provided that the experiment has a synchronising signal available, the coherent signal 
averaging can be performed (4.9).
= (4-9)^  *=i
Where
Xk (n) is the kth repeatedly sampled signal,
K  is the times the signal sampled, 
y(n) is the average of the signal.
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Each result is a noisy function of time that contains a deterministic signal, synchronised to 
the experiment trigger signal, but imbedded in noise. Because the sums are synclnonised 
to the signal while the noise is random, the signal strength builds up faster than the noise. 
The results of this summation on the signal and on the noise can be reckoned 
independently: after K  coherent sums, the signal will be K  times stronger than the single 
original result. However, the noise will only grow as because at each point in time K  
signed random numbers with zero means are summed. Thus, the signal-to-noise ratio 
becomes:
(4. 10)
Figure 4. 17 An example of coherent signal averaging used to extract a deterministic 
signal from random white noise: (a) the signal, (b) the signal contaminated by noise with 
the s/n ratio 0.5. (c), (d) and (e) successively increased number of averages of data 
samples containing the same signal. Coherent averaging builds the signal as K  but the 
noise as only ^fK .
A  LabVIEW program was used to simulate tlie signal averaging. As shown in Figure 
4.17, a is the original signal which is ‘clean’, b is the contaminated signal whose s/n ratio 
is less than 0.5. The signal is sampled 4, 32, 64 times respectively and summed where 
each summation has been divided by the current value of K  to prevent the result from
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continually getting larger to get (c), (d) and (e). From (c), the general shape of the signal 
is obtained but it is not cleai' as the s/n only rises two folds. For (d), after 32 times 
average, contamination is reduced a lot more, but after 64 times averaging, the s/n does 
not improve significantly because in this example the s/n ratio is not too low.
The key to this coherent signal averaging is the synchronisation of the desired signal, 
using some external timing trigger or relationship. But if this timing coherency is lost or 
is hilierently miavailable, a signal like that of Figure 4.17b could sum to zero.
When the ultrasound signal is averaged, the signal to noise ratio is increased by a factor 
equal to the square root of the number of cycles used for averaging provided the 
following conditions are met:
• the original (radio frequency) aie used;
• the cycles are correctly aligned at time zero;
• the structuies of producing the echoes do not move significantly during the period of 
averaging.
The repetition rate of the ultrasound signal is 1.4 IcHz, or the period is about 0.7 ms. This 
means that one sample takes only 0.7 ms. If 4 times average needs to be taken, it takes 
less than 3 ms to sample the signal. If the speed of the probe movement is 5 mm/s, the 
displacement of probe is 3 x 5 / 1000 = 0.015 mm. The relative position of head and 
ultrasound probe does not change greatly during such a short period.
4.4.3 Moving Average
After the coherent average, there aie still unwanted signal in the ultrasound signal 
including those from the AD board and DM70 ultrasound instrument because coherent 
average can only remove random noise. The unwanted signals ranging from 30-120 MHz 
still exist. One of the methods to reduce high frequency noise (higher than 25 MHz here) 
is moving average. (4.11) is the moving average formula with a window width of (2N-^1). 
The window here means how many points of the signal are averaged once. The smooth 
filtering corresponds to a simple local average of the signal elements inside the operator 
window with weight. This results in the suppression of high frequency noise, but fine 
signal details are also suppressed. By varying the width of window, a compromise 
between noise suppression and retention of initial fine signal structures can be achieved.
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X » )=  -  J  (T/ + 1)x(??) + ^ (A/^ + 1 - / c)[:x:(??--/0 + Jc(;7 + /c)]I (4. 11)(A +1) V /
x(n) is the input midy(n) is the output signal.
For example, if we let N=\, or the window width is 3, then:
y(n)^(x(n-l)-v2x(n)+x(n-^l))/4 (4. 12)
Where x(n-l) is the signal one point before x(n) and x(n-^l) is one point after x(n).
If 7V==2, or the window width is 5, then:
y(n)=(x(n-2)+2x(n-l)+3x(n)+2x(n+l)+x(n+2))/9 (4. 13)
This means for owQvy y(n), x(n) has the highest weight, x(n-l) and x(n+l) have one less 
weight, x(n-N) and x(n+N) have the least weight because they are farthest away from 
x(n)^ tliey should have least effect ony(n).
Figure 4.18 shows the original ultrasound signal from frontal bone area. Figure 4.19 is the 
signal after being filtered by the moving average with window width o f 21 ( #  = 10). It 
can be found that high frequency noise is suppressed, which can be observed clearly from 
the power spectrmn of the original signal (Figure 4.20) and the processed signal (Figure 
4.21). The power spectrum of the original signal is from 0 to 100 MHz, but the processed 
signal is only from 0 to 18 MHz. The tlnee blips between the two main echoes become 
more apparent and the overall power spectrmn move left to the lower fiequency side 
because the moving averaging has low pass filtering effect.
5-point moving average instead of 21 point is used to eliminate high frequency noise in 
this study without causing great delay of the signal because bandpass filtering will be 
applied next to moving average. 5-point moving average has advantages over 3 or 7 point 
average because it offers the best results with tlie combination of digital filtering. Low 
pass moving average is necessary as after this processing, only low order digital band 
pass filtering is required to eliminate further interference or noises without causing large 
ripples (Gibbs phenomenon) thus distorting the original signal.
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Figure 4. 18 Original ultrasound signal from frontal bone area
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Figure 4. 19 Signal after moving average. 
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Figure 4. 20 Power spectrum before filtering.
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Figure 4. 21 Power spectrum after moving average filtering.
4.4.4 Digital Bandpass Filtering
The moving average cannot remove the low frequency unwanted signal, so bandpass 
filtering is used to filter out both low and high frequency unwanted signal. Digital filters
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can be easily changed and matched to the frequency region with the greatest signal-to- 
noise ratio. Thus the noise can be selectively eliminated.
Filters were designed from the standard functions provided by LabVIEW. Four different 
filters including Bessel, Butterworth, Elliptic and Chebyshev filter were tested. The 
optimum filter and pass band for filtering depends on the spectral characteristics o f the 
signal-to-noise ratio of the digitised echo trace. The frequency content of the initial 
ultrasound pulse is modified both by the tissue though which the energy is propagated and 
reflected and by the frequency response of the digitising system. The parameters of band­
pass filters were determined initially from the above considerations and subsequently 
modified slightly in response to evaluation of the displayed results.
Figure 4.22 shows the signal sampled from the soft tissue in frontal bone area. The skin 
interface is very clear, but the soft tissue/tx)ne interface is not clear enough for automatic 
thickness extraction. Figure 4.23 is the power spectrum of above signal. There is a low 
frequency peak about 2 MHz in the spectrum, which is the cause o f the wide spread o f the 
echo in the soft tissue/bone interface. After the signal was filtered by a band pass Bessel 
filter (passband 5-15 MHz, order = 4), the interface between the soft tissue and bone 
became much clearer (Figure 4.24 and 4.25). The unprocessed signal is suitable for 
manual interpretation o f thickness but is not for automatic thickness extraction due to the 
wide spread of the last peak. The cause o f this wide spread may be from the multiple 
reflections from the tissue/tx)ne interface.
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Figure 4. 22 Ultrasound signal from the frontal bone area. The soft tissue/bone interface 
is not clear.
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Figure 4. 23 Power spectrum of the original signal (a peak at 3 MHz).
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Figure 4. 24 Signal after Bessel band pass filtering. The soft tissue/bone interface 
becomes clearer.
6000-
4000^
0.0 m o 20.0 30.0 40.0 50.0 600 700 80.0 90.0 100.0 MHz
Figure 4. 25 Power spectrum of the signal after band pass Bessel filtering
Bessel band pass filter is applied to the ultrasound signal in this research. The pass band 
was set fi'om 5 to 15 MHz, order was set to 4.
4.4.5 Envelope and Peak Detection
After the signal is bandpass filtered, it is subtracted because the signal changes quickly at 
the boundaries of soft tissue so the slope o f the signal is greater (4.14).
u(n)=x(n)-x(n-l) 
v(n) = \u(n)\
(4. 14) 
(4. 15)
After the subtraction, the signal was rectified (Equation 4.15) and is filtered by moving 
average. The window width o f the moving average is set to be very large so as to get an
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envelope o f the signal. Peak detection is then performed by setting the filtered, envelope 
detected signal to zero everywhere except at the local maximum. The approximate 
thickness o f the certain site o f facial tissue was determined by this and other researchers. 
The thickness of soft tissue is divided into five grades. An offset up to ±40% is allowed to 
let the software automatically decide the thickness of this site. For example, if the mean 
thickness is 10 mm, it will try to find the thickness within 6 to 14 mm. The software first 
finds the greatest local maximum, then finds the second local maximum and calculates 
the thickness. If the thickness is not in the range, it will try to find another local 
maximum, it will continue this procedure till it finds the thickness within range in this 
site. The software uses the distance firom the first maximum to last maximum to calculate 
the thickness. If the software can not find the thickness within the range, the computer 
would beep to give a warning. Then cursors have to be used to find the thickness 
manually or the ultrasound signal needs to be sampled again. Usually, identifying the 
geVtissue and tissue/bone boundaries is straightforward due to the amplitude o f the 
reflected echoes. But in areas such as the cheek and bottom mandible these boundaries are 
not always obvious. Figure 4.26, 27 and 28 show the original and processed signal. The 
thickness is measured from A to B.
mm
Figure 4. 26 Original signal in bottom mandible.
mm
Figure 4. 27 Signal after moving average and bandpass filtering.
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Figure 4. 28 Signal after subtraction, rectification and envelope detection.
4.5 Validation o f Automatic Thickness Extraction Algorithms
The automatic thickness extraction algorithm was validated by placing the ultrasound 
probe into a container of various materials to determine how ultrasound wave propagate 
through different materials such as pork, rubber, bone, air and water. Rubber is selected 
as it has different acoustic impedance (1.47 x 10  ^kg m'^s ') fi-om that of human tissues 
(1.63 X lO ^k g m V ).
Probe
Pork
Rubber
Water
Figure 4. 29 Ultrasound propagation in pork, rubber and water
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Figure 4. 30 Signal o f ultrasound propagation in pork, rubber and water
The ultrasound propagating in water/pork/rubber media was tested first (Figure 4.29). The 
signal is displayed in Figure 4.30. The first echo is from the latex sealing the ultrasound 
probe. The second echo is from water/pork interface, then the ultrasound travels through
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the pork till it reaches the pork/rubber interface. After pork/rubber interface, it travels in 
rubber, and then it passes the rubber/water interface. The original ultrasound signal is red 
colour; the signal after processing is black colour. It is found that water/pork and 
pork/rubber envelope becomes more apparent after processing, but the amplitude of the 
echo at the rubber/water interface becomes smaller because the fi'equency content of that 
signal is mainly o f lower fi-equency, and is filtered out. Thickness o f the pork extracted 
automatically is 5.41 mm. The speed used to calculate the thickness is 1540 m/s. The 
thickness of the pork was also measured by micrometer to be 5.35 mm. The thickness 
difference is 0.06mm, which is less than the resolution of ultrasound beam (0.12mm).
The pork was put on a 5 mm thick pig rib bone to simulate the human skull bone (Figure 
4.31). As the acoustic impedance difference between the bone and muscle is very great 
with the 43% reflection coefficient, there is a big refection at that interface. The 
attenuation coefficient o f bone is 2000 dB/(m MHz) while that o f soft tissue is 80 dB/(m 
MHz). The bone has such great attenuation coefficient that the ultrasound signal 
attenuates a lot, there is no reflected signal in the bone. The thickness of the pork was 
extracted correctly.
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Figure 4. 31 Ultrasound propagation in gel, pork and bone.
258.3=
2 0 0 0 -
150 0 -
100.0 -
5 0 0 -
1GOO-
-188.4-,
Gel/pork
4 y Pork/bone
500 1000 1500 2000 2500 3000 3600 4000 4500 5000 5500 6000 8500 6339
Figure 4. 32 Signal o f ultrasound propagation in gel, pork and bone.
It should be noted that, in the validation test, the algorithms try to find the distance 
between the second local maximum from left and the last local maximum. But during the
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human facial tissue thickness measurement, the first local maximum is used because the 
thickness of the gel is so thin that probe/gel and gel/skin echoes are together.
The following is an example o f the automatic thickness detection algorithms applied to 
dynamically measure the compression of maxillofacial soft tissue. A force was applied on 
the cheek area. It was found that the automatic thickness extraction algorithm could find 
the continuous thickness change. Figure 4.33 shows the tissue deformation under the 
indenting force. Solid line (thickness) is the original data. The dashed smooth line is after 
ten point moving average without weighting. There was an initial deformation of the 
tissue. At initial stage, the offset of the force was adjusted so that the measured force was 
0. The tissue was indented first, and then the indention force was released gradually. It 
was observed that the off load tissue was a little thicker than the initial thickness as an 
initial load was applied on the tissue at the beginning of the indention.
Thickness change corresponding to indentation loading
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Figure 4. 33 Diagram o f cheek tissue deformation under indention force.
4.6 Subject Measurement Protocol
Information concerning the internal structure o f the human body can be obtained through 
the use o f an ultrasound beam, which is reflected fi*om tissue interfaces and is 
subsequently processed and displayed. A system based on this method has been 
developed as shown in Figure 4.34. The whole system includes an ultrasound transducer, 
ultrasound scanner, signal acquisition and processing. The ultrasound scanner (Dermal
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Monitor) sends pulses to the tiansducer and receives echoes back from the transducer 
between pulses. Several signal processing teclmiques have been used to enliance coherent 
energy echoes and extract thickness data automatically.
Signal acquisition
Signal processing
Thiclaiess extraction
Dermal Monitor
Ultrasound transducer
Subject
Figure 4. 34 Block diagram of ultrasound thickness measurement system.
Data analysis
Instrument preparation
Description of the experiment to 
volunteer
Measui'ing the subject facial soft tissue
Volunteers signing of the informed 
consent form
Figure 4. 35 Flow chart of measurement protocol.
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Figure 4.35 shows the flow chart of the facial soft tissue thiclaiess measurement protocol. 
Details of the laser scanning and thickness measurement protocols are shown in Appendix 
F. Some preparations are necessary before the experiment. After the measmement, 
statistical analysis is done to analyse the thiclaiess data; the thiclaiess data coded with 
colour is also superimposed into a face template to give visual impression using Stanford 
Graphics® software (Figure 5.12).
4.6.1 Instrumentation Preparation
Prior to measuring a volunteer subject, the equipment is prepared to reduce the testing 
time as much as possible. Preparation of the ultrasound probe involves filling it with 
water within the probe tip. A piece of surgical rubber glove is stretched over the end of 
the probe tip and a ring is pushed over the sheath, holding it in place. The entire probe is 
then submerged into distilled water and any air bubbles are removed. The probe tip is 
screwed into the casing, trapping the air-free water inside and completely dried before 
being connected to any electrical equipment.
4.6.2 Volunteer Information Recording
The measuiement protocol is explained fully to each of the volunteer subjects. This 
experiment was authorised by the University of Surrey Ethics Committee. Informed 
consent is obtained from the subject. A copy of the consent form is shown in Appendix E. 
Personal details and possible influences on tissue properties (Appendix D) are recorded 
with coded reference to maintain confidentiality. The subjects were assured that the 
personal data would remain laiown only to the researcher and not conveyed to a third 
party. The items recorded mclude age, sex, body type, skin type, sim exposure, cosmetics 
usage and known skin conditions (dry, greasy), diseases, wounds or allergic skin 
responses. The above information is recorded, but is not used for processing since the 
sample size is too small for these variables to be significant. The laboratory enviromnent 
could not be controlled exactly although a universal heating and ventilation system 
operates within the laboratory block.
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4.6.3 Data Acquisition
The data acquisition software sends commands to the data acquisition board to acquire the 
data and load it into computer. Before sampling, the parameters such as the gain, 
sampling rate, trigger mode and signal conditioning are set. Multiple-record sampling 
mode is chosen which means that the AD board can sample up to 16 triggers of the signal 
before the data is transferred into the computer memory so that coherent averaging of the 
signal can be implemented. The data is saved in binary mode file instead of spreadsheet 
format to save disk space. The sampling rate of the data acquisition is 250 MHz, which 
means every point represents 0.0031 mm (1/250 MHz is 4 ns; the distance travelled by 
ultrasound in 2 ns at speed of 1.55 mm/ps is 0.0031 mm). Between 3 to 10 kB data is 
sampled depending on which part of the facial tissue to be measured. In the frontal bone 
area, because the tissue tliickness there is less than 8 mm, only 3 kB data is sampled in 
order to save disk space, but 10 kB data in masseter muscle area is sampled.
4.6.4 Zonal thickness measurement
Wlien this research started, the program was written to measure the zonal thiclaiess only 
to validate the zonal hypothesis. After the iso-thiclaiess zone tissue thiclaiess 
measurement, it was found that the thiclaiess value in the defined zones changed greatly 
(see chapter 5 for detail). It was decided that in order to create a facial soft tissue model, 
more data points needs to be measured, so the software was modified to reflect this 
change. Figure 4.36 is the measurement procedure. Figure 4.37 is the software control 
panel.
Once the equipment is ready for testing, the volunteer is asked to lie in inclined position 
as comfortable as possible. Then the measurement begins. Comparison of measiuernent 
on the same subject and conditions in seated or inclined position shows difference less 
than ±0.2 mm.
The thickness measmement was found repeatable. Thiclaiess measurements were taken 
on subjects on some sites. Some time later, measurements were carried out again on the 
same sites, the thickness discrepancy was found to be within ±0.2 mm.
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Collecting 
next site?
End
Data saving
Acquisition board set up
Signal sampling
Thiclaiess extraction
Data within 
range?
Figure 4. 36 Facial tissue thickness measurement procedure.
It is found by Ferrario et al. (1995) that the 2 sides of the face showed no significant 
differences in size. The relative symmetry of thiclaiess has been previous established 
(Rhine and Campbell, 1980). Therefore only half of the face is measured so as to 
complete the test within an acceptable test time period (about one hour). Eleven zonal 
boundaries are identified by inspection and palpation on half of the face (Figure 3.6). 112 
points were measured to determine the thickness variation within zones. The exact 
location of the 112 points is determined by the requirement for a reliable ultrasound echo 
approximately normal to the underlying bone or reflecting tissue interface to get the 
greatest ultrasound echoes. The hontal bone, brow and zygomatic arch provide the most 
reliable and easily obtainable echoes. Obtaining reliable echoes from the cheek is often
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time consuming, sometimes reflection from an air interface lateral from the mouth is 
achieved but more usually from a tooth or gum. For some measurements the volunteers 
are asked to inflate their cheeks a bit in order to produce detectable echoes. It is believed 
that the minor inflation o f the cheeks does not reduce the tissue thickness significantly 
within the measurement uncertainty.
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Figure 4. 37 Software control panel displayed on PC monitor screen.
It is always ensured that the probe is acoustically coupled to the skin using gel. The probe 
is gently (care is taken not to depress the tissues) moved around and tilted until a ‘good' 
signal is obtained on the conqiuter screen. The ‘good’ here means the signal that can be 
used to detect the skin and bone interface. The transducer is found to be very directional 
and has to be held within approximately 5° of being perpendicular to the underlying bone 
surface for a ‘good’ echo to be seen. Basic anatomical knowledge is used to aid in 
deciding what is a ‘good’ signal.
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Before the measurement starts. The ‘Acq Set’ button on the PC ‘paneT should be clicked 
to set the data acquisition board. The default set up o f the board is external trigger, 250 
MHz sampling rate, and single channel. I f  the data is acquired before these parameters are 
set, a random signal would appear on the screen. A number of parameters are specified 
using the PC control panel to control the processing o f the data. The digital control field 
“body build” is set according to the face fatness. The mean thickness is determined by 
this and other researchers (Rhine and Campbell, 1980; Phillips and Smuts, 1996). When 
the experiments starts, one thickness in a region is measured to determine the rough range 
of the thickness. If  the thickness is greater than mean thickness, it is set to be “fat”. If it is 
much less than the mean tliickness, it is to be set to be “very thin”, which reduces the 
mean thickness by 15%. This can be adjusted during the measmement to find the most 
suitable central thickness. The “average times” sets the coherent average times. Normally, 
it is set to 4. The thickness ‘coefficient’ is set to 20 or 40% so that the program can find 
the thickness within this range. Ultrasound speed is set to 1550 m/s (see chapter 5 for the 
reason of choosing this sound speed).
Then the “Sample” button is clicked to sample ultrasound signal. The signal is displayed 
on the “gi'aphics display” window. The thickness automatically detected by the software 
is displayed in “Thickness automatic” field. If  the thickness is within the expected range, 
click the “save” button to save it into a data file. The file name is determined by the “file 
ini” digital control, the zone code, row and column in zone. A file name “ffbllbfa.dat” 
means that the volunteer is a female, data code is “bfa”, anatomic zone is “fiontal bone” 
(fb), and position 11 means first row, first column.
If  the software cannot find the thickness within a certain range in a specified zone such as 
the “frontal bone” zone, two cursors can be put manually on the local maximums 
considered to be the interfaces o f the probe/skin and tissue/bone, the distance between 
two cursors is displayed in the “thickness manual” field and the “manual” and “save” 
buttons should then be clicked respectively to save the manually detected thickness data.
If  the probe is not noimal to the underlying bone surface, a poor echo reflection is 
obtained. Signal should be sampled again so as to extract thickness correctly.
After the measurement o f one row finishes, “Next Row” button should be clicked to 
increase the number o f row and also reset the column to 1. The number o f the row and
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column is displayed in the “row” and “column” field respectively. When the “save” 
button or “next column” is clicked, the column is automatically incremented by 1.
The thickness can be measured in tliis way until all the thickness points are measured. 
The “Analysis” fiend is clicked to load previous saved signal and analyse it. Thickness 
measurement can be carried out.
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5. Thickness Measurement Results and Discussion
This chapter presents and discusses the results from ultrasound thiclaiess measurement. 
Typical ultrasound signals from each facial zone are demonstrated and the zonal 
hypothesis is evaluated. Thickness distribution between zones is discussed. The thickness 
data collected in this study is compared with that from other researches. The error and 
accuracy of the thickness measmement are discussed.
5.1 Typical A-scan Signals
The task of interpreting an A-scan signal can vary in difficulty depending on the 
information to be extracted. For example, if the layer thiclaiess needs to be measured, the 
ultrasound propagation and echogenic pattern needs to be laiown, and it is more 
complicated than just measuring the total tissue thiclaiess. The main concern of the 
present study is to extract soft tissue thickness values from the maxillofacial region of the 
human head. To achieve this, an assumption was made that the last strongest local 
maximum echo would occur at the tissue/bone or tissue/air bomidaries. Large magnitude 
echoes are not necessaiy for accurate extraction of thiclaiess data as long as the signal is 
not too small to be detected. An experienced operator can identify the reflecting interface 
echo, either through familiarity of the signal or monitoring the effects of changing the 
probe orientation. Additionally, since most of the signal is reflected at the bone or air 
boundary, almost no echoes appear after the soft tissue/bone or air boimdary except for 
multiple reflection effects (see chapter 4 and Figme 4.7). Patience is required in some 
difficult areas.
The phenomena discussed in Chapter 4, e.g. scattering, absorption and irregular reflecting 
surfaces, reduce the amplitude of the pulse as it travels through the tissue, as does 
reflection due to acoustic impedance differences at the tissue boundaries. The reader can 
refer to Figure 4.7 for a schematic representation of these boundaiies.
In the regions such as the forehead, brow and zygomatic arch where thin soft tissue 
reduces attenuation effects and it is easier to position the probe so that the angle of 
incidence is normal, large echo amplitudes are possible. But in areas such as the cheek, 
bottom mandible and temporal region where the tissue is thicker and hence attenuation
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increases, or where it is difficult to position the probe normal to the reflecting surface, the 
return echo may be difficult to detect.
Example traces taken from subjects are presented and discussed for each of the 11 defined 
regions o f the face. The following sections show how thickness values from these traces 
are determined.
The signals shown in Figure 5.1-11 were taken from the anatomical areas of the frontal 
bone, brow, temporal region, zygomatic arch, zygomatic bone, cheek, masseter muscle, 
ramus, lip, chin and bottom mandible. These example traces are typical o f the signals 
within the regions. Discussion on these signals is given for each of the 11 regions.
Frontal bone: Signals taken in the frontal bone area are easy to acquire and
interpret. Figure 5.1 shows a signal taken in frontal bone area. Point A represents the 
gel/skin interface. This marks the place where the ultrasound pulse transmits into the soft 
tissue. Point B is the reflection occurring at the soft tissue/bone interface. This echo is 
high in magnitude because the soft tissue thickness in which the pulse has travelled is 
comparatively thin. There is no deep facia here. There is only frontalis muscle producing 
some intermediate reflections between A and B. So the opportunities for absorption and 
scattering are low. The frontal bone is almost parallel to the skin surface so that it is easy 
for the operator to position the probe approximately normal to the underlying bone. There 
is a small echo C after the tissue/bone interface, which is due to the multiple reflection 
effect because the distance from C to B is almost the same as that from C' to B.
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Figure 5. 1 Ultrasound signal from the frontal bone.
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Brow area: In the brow area, the signal pattern is different from that in frontal
bone area (Figure 5.2). The brow has both orbicularis oculi and frontalis muscles, 
therefore the signal is more echogenic than in the frontal bone area. Point A is the skin 
interface and Point B is the tissue/bone interface. In the areas near the brow bone, the 
signal is very complicated. C is due to the multiple reflection effect.
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Figure 5. 2 Ultrasound signal from the brow.
Temporal area: Figure 5.3 illustrates a trace taken from the temporal area. Point A
is the skin surface echo and point C is the reflection echo from the bone. Data from the 
temporal region is difficult to acquire. The difficulties lie in the shape o f the underlying 
bone in this region. The shape o f the temporal bone is irregularly concave against the skin 
surface. It is difficult to align the transducer normal to the bone. Large echoes around B 
are due to the deep facia covering the temporal muscle.
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Figure 5. 3 Ultrasound signal from the temporal area.
Zygomatic arch: Signals from the zygomatic arch are easy to acquire due to
the thin soft tissue (Figure 5.4). The signals in this region are always highly echogenic
and similar in general features from point to point and between people. This probably can
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be attributed to attachment areas o f the zygomaticus major and minor. Point A is the skin 
surface reflection and point B is the bone surface. Superior or inferior to the zygomatic 
process, acquisition of the signals may be troublesome due to the large variations in size 
and shape of people’s zygomatic process, it is difficult to orient the probe vertical to the 
underlying bone.
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Figure 5. 4 Ultrasound signal from the zygomatic arch.
Zygomatic bone: Data from the zygomatic bone is acquired with ease in most
cases. However, closer to the teeth, the signal is difficult to obtain because of the ridges 
created by the roots of the teeth. With practice and care, the probe could be successfully 
positioned to acquire a signal such as Figure 5.5. Point A represents the skin surface and 
point B, the reflecting bone surface. Even though there are some ripples after B, they are 
removed because their frequency contents are out of the 5-15 MHz range.
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Figure 5. 5 Ultrasound signal from the zygomatic bone
Cheeks: The cheek is one of the most difficult regions to acquire easily
interpretable ultrasound echoes. There are risorius and buccinator muscles in this area 
between which lies the buccinator fet pad. Two characteristics of this region contribute to
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the difficulty. First the soft tissue can be thick (on the order of 10-18 mm) which provides 
more opportunity for the signals to be absorbed and scattered. Secondly there is no bone 
surface fi-om which the ultrasound can be reflected. Some times the reflection is fi-om the 
tissue/tooth interface. There does, however, exist an air pocket that theoretically is a 
stronger reflector than tissue/bone. Some times the subject is asked to puff his or her 
cheek very slightly to exaggerate the air pocket without distorting soft tissue structure. As 
with the other regions, point A in Figure 5.6 is the skin surface and point B is the soft 
tissue/air boundary. The echo at B decays progressively. It is typical in tissue/air interface 
and they can be filtered out after digital signal processing.
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Figure 5. 6 Ultrasound signal fi-om the cheek.
Masseter muscle: This region covers the masseter muscle, which overlies the body of 
the mandible, thus providing a good-reflecting surface. Although the masseter muscle is 
approximately 14-22 mm, enhancing absorption and scattering, it is usually easy to 
acquire signals because the underlying bone is a good reflector in that it is relatively 
smooth and even. Its shape is similar to the contours of the face so that it is easier to align 
the probe normal resulting in a high amplitude signal. Figure 5.7 shows a typical signal 
fi-om this region. The echo B always lies at the end of the trace. There are decaying 
echoes after B. For some subjects, the signals is not so clear because o f the thickness o f 
the muscles resulting in greater attenuation. It is then not easy to interpret their thickness 
and signal recording time is extended.
Ramus: The ramus zone is to the lateral side o f the masseter muscle zone. Because
it is the place where the masseter muscle attaches to the bone, there are very complicated 
echoes near the bone surface. Point A is the skin interface and point B is the muscle/bone 
interface (Figure 5.8).
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Figure 5. 7 Ultrasound signal from the masseter muscle.
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Figure 5. 8 Ultrasound signal from the ramus.
Lip: It is not difficult to acquire signals from the upper lip region because the reflecting
surface is an air pocket or teeth between the soft tissue and maxilla and the tissue is 
relatively thin (Figure 5.9). As the orbicularis oris muscle is around mouth, the reflecting 
echoes are usually high in magnitude and complicated. Again, point A is the skin surface 
and point B is the reflection from the soft tissue/air boundary. The ultrasound signal first 
travels through different muscle layers before it reaches the mucus and air pocket.
Chin: The chin is not an easy location to extract an interpretable ultrasound trace.
There are platysma, depressor labii inferioris and mentalis muscles in this area, which 
cause the signal to be very complicated. In this situation a signal can be acquired by 
circumducting the ultrasound probe around the soft tissue until a ‘good’ reflection is seen. 
Figure 5.10 shows traces taken from the chin with point A being the skin surface and 
point B, the reflecting surface from the bone.
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Figure 5. 9 Ultrasound signal from the lip.
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Figure 5. 10 Ultrasound signal from the chin.
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Figure 5.11 Ultrasound signal from the bottom mandible.
Bottom mandible: Clear signals cannot be easily acquired on the bottom mandible 
(Figure 5.11). The soft tissue thickness is approximately 10-16 mm but the collagen 
content is high, which seems to not only scatter and attenuate the signal greatly but also 
cause the signal to be very complicated. The bottom mandible is the place where the 
masseter muscles attach bone, the echo is similar to that in the ramus area. There are three
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main echoes in C area, which are not used to measure thiclcness because this signal was 
taken from a fat person whose thickness tends to be thicker than average thiclaiess.
5.2 Zonal Thickness Distribution
The present study has produced a set of facial soft tissue thickness from the healthy 
European white males, females and Chinese males aged from 18 to 34 years (Table 5.1). 
Zonal thickness of 31 subjects was measured.
Table 5. 1 Age range of the volunteers.
White male White female Chinese male
Number 15 8 8
Mean (yeai) 26.5 25.3 27.9
S.D. (yeai‘) 5.4 2.9 3.4
Median (year) 29 25 26.5
Minimum (year) 18 22 25
Maximum (yeai) 34 29 33
Table 5.2 is the range of thickness distribution within zones (see chapter 3 for zonal 
definition). The representative thickness (Trep) of each zone is calculated by averaging 
the thickness in that zone for each subject. Each subject has one Trep in each zone. The 
minimum and maximum values of Trep over the range of subjects were identified. For 
example, there are 21 Trep for each zone of the male subjects, the minimmn and 
maximum values of these averages for frontal bone of the males are 4.27 and 5.52 mm 
respectively and their respective standard deviations were 0.18 and 0.42 mm.
Thiclaiess results are displayed in Appendix A. Discussion of the data is enlianced with 
the aid of the spectral plot shown in Figure 5.12. The thickness data was exported to a 
software package called Stanford Graphics version 3 (Visual Numerics, Inc). One of the 
functions of the package is to create colour spectral plots where each colour represents, in 
the scope of this work, a tissue thiclaiess value. For each zone a separate colour spectral 
plot is generated showing the thiclaiess distribution in that zone. The spectral plots for 
each zone are then fitted into a template of the face so that the changes in thiclaiess across 
the face are seen. The size of each zone is approximately proportional to the actual zone 
on the head.
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Table 5. 2 Thickness range in zones
Male (21) Female (10)
Trep min (mm) Trep max (mm) Trep min (mm) Trep max (mm)
Position Mean S.D. Mean S.D. Mean S.D. Mean S.D.
frontal bone 4.27 0.18 5.52 0.42 3.88 0.41 4.87 0.36
brow 4.44 0.42 6.24 0.54 4.20 0.23 5.49 0.44
temporal 9.19 1.30 14.38 1.95 8.65 1.28 14.69 1.26
zygomatic arch 6.62 0.79 9.83 1.56 7.15 0.84 8.77 1.34
zygmnatic bone 5.66 0.96 8.29 1.14 5.92 0.79 8.67 1.24
cheek 11.41 1.61 20.07 1.08 12.24 0.81 15.64 1.34
masseter muscle 11.94 0.99 20.27 1.32 13.83 1.24 16.64 1.30
ramus 6.49 0.67 10.36 1.38 7.21 0.80 11.19 1.50
lip 8.83 0.47 11.47 1.05 8.51 0.67 9.81 1.06
chin 8.36 1.09 12.66 1.89 7.70 0.74 10.01 0.96
bottom mandible 8.86 0.87 13.94 1.73 8.73 0.34 11.91 1.48
Figure 5.12 represents the facial tissue thickness distribution within each o f the 11 pre­
defined zones. Areas of different tissue thickness can be identified with different colour 
scale. The colour scale is assigned arbitrarily. It should be noted that the space between 
different zones is not shown in this representation. This absence o f space must be taken 
into account when examining the apparent zone to zone change in thickness.
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Figure 5. 12 spectral plot o f thickness within zones.
The zonal thickness data is analysed to test the zonal hypothesis. A key part of this is to 
define the range of acceptability for use as a criterion. To an extent, this criterion may 
vary at will, according to the need of the data user. For example if the data is to be used in 
an FEA study whose uncertainties are large then very crude measures may be adequate.
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Similarly, for general design purposes the variability between subjects may be the 
limiting factor, or it may be governed by the range of operational conditions met in 
reality. For our assessment purposes a somewhat ai'bitrary criterion is used of a 30% 
variation of range within zones for use in situations where biological variability governed 
the situation, and 10% variation range where an individual tissue shell behaviour was 
being investigated. A head helmet may find the higher range acceptable whereas close 
fitting sui'face matching equipment would require tighter tolerances. The other criterion 
that influences the definition of zone location is the change in thickness over the 
boimdary region between zones e.g. if  it is of the order of 30% between zones, then the 
larger criterion would be acceptable.
In the following paragraphs, thickness vaiiations in each zone are discussed with respect 
to the hypothesis of definable iso-thickness zones for both of these criteria limits
Frontal bone: The spread of thickness data in the frontal bone zone is smaller
than that in other regions. The relative consistency of thiclaiess data was expected for this 
zone and the results indicate support for the zonal concept against the higher criterion. It 
should be noted that for 14 subjects, the thiclaiess variation is however greater than 30%. 
For the lower criterion the zonal hypothesis is not regarded as valid.
Brow: There exists a consistency of thiclaiess in this zone for most subjects but
not for all subjects. Table A .l, 2, 3, 5, 9, 25, 29 show an increase of thickness at the 
centre of the brow. In Table A. 15 increases in the thiclaiess at the lateral edge of the brow 
zone can be seen. Given this number of non-inclusive subjects the zone hypothesis is not 
valid ill this zone on either the 30% or the 10% criterion.
Temporal area: Witliin the temporal zone there exists the large variations in tissue
thickness, which were expected. The variations are anatomically justified. However, 
breaking down this zone into fiu'ther zones is not immediately apparent because of the 
complicated shape of the temporal bone. For this study the data was taken at 5-10 mm 
interval to determine if thickness vaiiations were present. The thiclaiess variation within 
this zone is up to 58%, thereby the zone hypothesis is not valid in this area. It is worth 
noting that this zone has a small overall area and is one in which large load bearing 
function would not be expected or desirable.
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Zygomatic arch: This zone is defined over the zygomatic arch. The thiclaiess is
variable for a given subject. In most cases, the thiclaiess of this zone relative to its 
superior and inferior surrounding zones is quite distinct. This is expected for the superior 
temporal zone and the inferior masseter muscle. It is not necessarily true for the medial 
zygomatic bone zone and the boundaiy between the two is not as anatomically definite. 
The zone hypothesis is not valid at either the 30% or 10% level.
Zygomatic bone: The data within zygomatic bone zone is variable. The range of
statistical mean between the subjects is from 5.66 to 8.67 mm and standard deviation 
from 0.96-1.24 mm. For some subjects, the thickness variation within this zone is greater 
than 40%. The zonal hypothesis would seem to be invalid in this area. However 
examination of the spectral plots reveals a trend: in the upper medial edge of this zone, it 
is thinner than the lower lateral edge. A zonal thiclaiess assumption that takes account of 
this regular variation would offer a valid descriptor around a mean value and could be 
useful in constructing shell models.
Cheek: In almost all the subjects there is a distinct thimiing toward the medial side
of the zone. There is an abrupt change of thickness on the superior boimdary. This was 
expected because of the sudden protrusion of the zygomatic bone. On the inferior 
boundary, there is a gradual thiclaiess changes as would also be expected. The overall 
thiclaiess variation within this zone is greater than 30%, hence the zonal hypothesis is not 
valid. Once again, however the possibility of adopting a loiown variation for thiclaiess in 
the zone may afford a useful descriptor.
Masseter Muscle: On the whole, the results of the data from the masseter muscle zone 
show that the thiclaiess values are higher than any other points on the face, as was 
expected. For the majority of the subjects the variability is small however for some 
subjects the thickness variation within this zone is greater than 30% and so the zone 
hypothesis must be regarded as not valid for this sample group.
Ramus: In ramus area, although it is covered by the masseter muscle, it is thimier
than the masseter muscle zone. The statistical mean thiclaiess is from 6.49 to 11.19 mm. 
The masseter muscle attaches to the bone in ramus area, so it is thin and the thiclaiess 
variation is small but still greater than 30% for some subjects. The thiclaiess variation 
between the masseter muscle and ramus area is great (30-65%), and so the use of the
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zonal boundary could be considered as useful for this region. The standard deviations are 
outside the 10% limit but within the 30% limit.
Lip: This is one of the least likely zones to observe consistency -  partly because of the
natural geometry of the region and pai tly because of the softness of the tissue which is 
therefore subject to compression during the measurement process. The data in the lip zone 
does not, in most subjects, remain constant. The mean is from 8.51 to 11.47 and the 
standard deviation is from 0.67 to 1.05. These standard deviations are within the 10% 
limit. Some subjects exhibited thicker medial edge in this zone. Zonal hypothesis is not 
valid because the thickness variation within this zone is greater than 30% but a larger 
sample size may indicate that a non miiform but regular zone shape could be determined.
Chin: The chin zone has shown thickness variation over the mental eminence. People 
with strong protuberances have a thinner soft tissue covering such as Table A. 2, 12. 
Table A.3, 7, 8 shows a consistency in thiclaiess. But as a whole, the zonal hypothesis is 
not validated here.
Bottom mandible: The bottom mandible zone shows very high thiclaiess variation in 
the statistical mean and standard deviations. The data is misleading and this can be seen 
in the thiclaiess tables in Appendix A. The problem is due to the thinning of the tissue 
towards the inferior boundary, because of the underlying slope of the mandible. Data 
usually was taken in two rows. The top row show thickness values some times are thicker 
than that of the bottom row. Table. A.6, 7, 13, 14, 29 show this decrease toward the 
inferior boundary. Zonal hypothesis is not valid here.
The concept of a reduced niunber of zones as a useful tool for shell model development 
and for use in design systems must answer validity tests set by the data user. In the 
discussions above an attempt has been made to assess the zone thickness against 
particular and demanding criteria in which the range and not the statistical mean and 
standard deviations are used as the criteria. It can be seen that the range criteria are severe 
and lead to many zones being not valid. However the same assessment made using means 
and standard deviation would lead to the concept being regaided as valid and hence 
valuable in particular zone cases. The zonal concept was amended to include régulai' 
thiclaiess trends across the zones then the validity would be improved in some cases.
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When the zone sizes are reduced, the thickness within a zone may be regarded as 
constant. For example, if the face is divided into 100 zones, the thickness within the zones 
might be within 5 to 10%. However the purpose of introducing the zonal concept was to 
provide a fast route to shell modelling which had the possibility of speeding up the 
creation of soft tissue models and incorporation into design and FEA systems. The 
balance of both usefulness and validity will remain critically dependent on the needs of 
the user and on the alternative approaches which may become available.
5.3 Thickness Variation between Zones
It is clear from the above discussion that the nature of inter zonal boundary also needs to 
be investigated. Thiclaiess variation between zones was measured to find the pattern of 
thiclaiess changes. All zone boundaries were measured from 10 subjects (Table 5.3). The 
thiclaiess change patterns are foimd to be similar within the resolution possible using the 
probe. The follow data is an example of the thickness of one subject from the frontal 
bone/temporal region (Table 5.4). Data was collected in 4 rows and 7 columns i.e. 28 
points across a zone boundary. Here the data from frontal bone to temporal area is from 
left to right in column (Figure 5.13).
Table 5. 3 Age range of the volmiteers.
White male White female
Number 5 5
Mean (yeai') 24.2 23.4
S.D. (yeai) 3.1 1.5
Median (year) 24 23
Minimum (year) 21 22
Maximum (year) 29 25
Thiclaiess measuiement interval is about 2 mm, so the distance between first (4.5 mm) 
and last point (10.5 mm) is about 12 mm. Different line fitting methods such as linear, 
polynomial, power and exponential have been tried. It is foimd that the polynomial 
method offers relatively better fit.
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Table 5. 4 Thickness distribution between frontal bone and temporal zones (mm).
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7
Row 1 4.5 5.0 6.6 6.6 7.8 9.5 10.5
Row 2 4.1 4.7 5.2 5.6 6.8 7.8 9.5
Row 3 4.4 4.8 5.4 6.7 7.4 8.5 10.3
Row 4 4.8 5.4 5.4 7.3 8.5 8.9 10.8
Temporal
area
Frontal
bone
1 2  3 4 5 6 7
2 2 3 4 5 6 7
3 2 3 4 5 6 7
4 2 3 4 5 6 7
Figure 5. 13 Thickness in the boundary between frontal bone and temporal area.
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Figure 5. 14 Thickness distribution between frontal bone and temporal zone.
The data in series 1 is plotted against its polynomial trend line. is the indicator o f the 
fitting of the data series (Equation 5.1-5.3; Microsoft Excel User Manual, 1997). It is 
found that the value is nearly 1 (0.98). This suggests that even in the between zone 
area, where the thickness changes greatly over short distance, the thickness could be 
represented as a smooth polynomial. The R  ^o f linear interpretation was also calculated to 
be 0.97, which means that if thickness is linearly interpreted, not much error would be 
introduced.
/?' = 1 - SSESST (5. 1)
where
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= (5.2)
( 'E y, ŸSST = ( ^ Y ,^ ) ~
Yi is the original value, Yu is the corresponding interpolated value.
(5.3)
Thickness variation between zonesThickness (mm)
-0.0111x< + 0.1862x^ - 1.0021x^ + 2.8621x + 2.371410.5
9.5
8.5
7.5
6.5
5.5
4.5
3.5
r 2 = 0.9804Rowl
 Poly. (Rowl)
—  Linear (Rowl)
V = 1.0014X + 3.2114
r2 = 0.9674
Position (column))
Figure 5. 15 Thickness distribution and its trend line.
Because the zone hypothesis is o f limited value, more points are needed to get the 
thickness distribution. It might be practical to measure about 150 points and interpolate 
the thickness between the points.
The area of half face is about 160 x 160 mm^, if it is divided into 15 row by 10 column, 
then the grid is 8 mm. The thickness pattern does not change dramatically in such a short 
distance. The resolution grid of the laser scanning is 2 mm x 3 mm, so the tissue thickness 
between the 8 mm grid can be polynomially or linearly interpolated.
5.4 Landmark Thickness Data
36 subjects’ (Table 5.5) landmark thickness were measured (Table 5.6). Data is divided 
into three groups: European white male, white female and Chinese male. The landmark is 
determined by Phillips, Smuts and other forensic scientists (Figure 5.16). The numbers 
from 1 to 21 in Table 5.4 correspond to the numbers on the landmarks in Figure 5.16. The 
landmark thickness data is useful to forensic science, as there is not published facial tissue 
thickness data about the above three groups in this century. Because of the small sample
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size of the thiclaiess, we may not use the standard error of means to estimate the thickness 
of the whole population. For example, if  we want to estimate the tissue thiclaiess of white 
male at the occlusal line, the error is within 0.5 mm, with 95% confidence, the sample size needs 
to be at least 96 (Mason et al., 1998):
0.5 = 1.96 X 2.5/Vn
« = (1.96x2.5/0.5)^= 96
(5.4) 
(5. 5)
Where 1.96 is the z  value at 95% confidence, 2.5 is the standard deviation of occlusal 
thickness, « is the sample size.
Table 5. 5 Age range of the volunteers.
White male White female Chinese male
Number 16 10 10
Mean (year) 27.2 26.0 28.9
S.D. (year*) 6.0 3.2 3.7
Median (year) 29 26 28
Minimum (year) 18 22 25
Maximum (year) 38 29 33
*16
'•  18
19
10
Figure 5.16 Facial landmarks (Phillips and Smuts, 1996).
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5.4.1 Comparison o f Data in this Study
From the data collected in this study, it is found that white males have overall 10% 
thicker facial soft tissue than white female subjects in the middle sagittal line of the face, 
especially in chin-lip fold, mental eminence and frontal eminence. Figine 5.17 displays 
the mean value and one standard deviation for the tluee ethnic and gender groups.
Table 5. 6 Landmark thiclaiess data (mm).
White male (16) White female (10) Chinese male (10)
Position Mean S.D. Mean S.D. Mean S.D.
Supraglabella 1 4.7 0.5 4.3 0.4 5.1 0.7
Glabella 2 5,2 0.4 4.8 0.5 5.2 0.5
Mid-philtrum 6 9.9 1.2 9.1 0.9 10.0 0.7
Chin-lip fold 8 11.0 2.1 9.2 0.7 10.6 2.3
Mental eminence 9 10.7 2.1 8.8 1.5 10.4 1.7
Frontal eminence 11 4.9 0.4 4.3 0.5 5.0 0.6
Supraorbital 12 5.2 0.7 5.4 0.7 5.5 0.5
Infraorbital 13 6.6 1.1 6.9 1.5 6.3 0.4
Inferior malar 14 12.6 1.4 13.2 2.0 15.5 2.6
Lateral orbit 15 8.5 1.4 7.9 1.0 8.4 1.2
Zygomatic arch 16 8.1 1.8 8.1 1.4 8.1 1.8
Supra glenoid 17 8.6 1.6 9.1 2.3 8.2 1.8
Occlusal line 18 14.4 2.5 14.6 2.2 16.5 2.1
Gonion 19 12.2 3.2 10.9 1.9 13.0 2.7
mandible 20 11.0 1.8 10.4 1.3 11.7 2.1
maxilla 21 14.1 2.0 14.7 2.4 15.6 1.7
The Chinese males also have 10% greater thickness in supraglabella, mental eminence, 
frontal eminence and inferior malar than white female.
There is less than 10% thickness difference between white males and Chinese males 
except on the inferior malar area.
5.4.2 Overall Male and Female Thickness
It is important to know the average thickness of male and female subjects regardless of 
race while designing helmet and oxygen mask or creating model for FEA simulation. 
Table 5.7 shows the overall facial soft tissue thickness including the mean thiclaiess and 
standard deviation.
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Thickness distribution
♦ white male thickness
■ white female thickness
* Chinese male thickness
I
10 15
Landmark position
20
Figure 5. 17 Comparison of facial tissue thickness with respect to race and gender.
From the statistical mean, it is found that the male subjects have 10% greater thickness in 
chin-lip fold, mental eminence and gonion area than the female subjects.
Table 5. 7 Overall facial soft tissue thickness regardless of race.
Male (26) Female (10)
Position Mean (mm) S.D.(mm) Mean (mm) S.D. (mm)
Supraglabella 1 4.8 0.6 4.3 0.4
Glabella 2 5.2 0.5 4.8 0.5
Mid-philtrum 6 10.0 1.1 9.1 0.9
Chin-lip fold 8 10.8 2.1 9.2 0.7
Mental eminence 9 10.6 2.0 8.8 1.5
Frontal eminence 11 4.9 0.5 4.3 0.5
Supraorbital 12 5.3 0.7 5.4 0.7
Infra orbital 13 6.5 1.0 6.9 1.5
Inferior malar 14 13.7 2.3 13.2 2.0
Lateral orbit 15 8.4 1.3 7.9 1.0
Zygomatic arch 16 8.1 1.7 8.1 1.4
Supra glenoid 17 8.5 1.7 9.1 2.3
Occlusal line 18 15.2 2.5 14.6 2.2
Gonion 19 12.5 3.0 10.9 1.9
mandible 20 11.3 1.9 10.4 1.3
maxilla 21 14.6 2.0 14.7 2.4
100
Chapter 5 Thickness Measurement Results and Discussion
5.4.3 Comparison with Data from other Studies
The thiclmess data collected in this study is compared with that collected by needle 
insertion (Rliine and Campbell, 1980, 1984; Kollmann and Buchly, 1898) and X-ray CT 
(Phillips and Smuts, 1996) (Table 5.8). The detail review of needle insertion and X-ray 
CT measurement method can be found in chapter 2. When the needle technique is used, it 
is made sure that the needle is vertical to the skin surface, whilst the CT and ultrasound 
technique measure the soft tissue thickness perpendicular to the underlying bone surface 
(air pocket in cheek aiea). So they are different tecliniques in terms of direction of 
measmement and this may contribute to the difference of the tlriclcness even the data is 
collected from the same landmark.
Table 5. 8 Thickness data collected by other researchers.
R hine and C am pbell (1980, 84; Am erican) K ollm ann and B uchly 
(1898; European)
P hillips and Sm uts (1996; 
M ixed)
Position B lk/M B lk/F W hi/M W hi/F W hi/M W hi/F M ix/M
(S.D .)
M ix/F
(S.D .)
Supraglabella  1 4.75 4.5 4.25 3.5 3.5 3.5 5.36 (1.44) 4.88 (1.02)
G labella  2 6.25 6.25 5.25 4.75 4.75 4.25 5.47 (0.68) 5 .6 4 (1 .4 2 )
M id-philtn im  6 12.25 11.25 10 8.5 11.5 10 12.25 (2.97) 10 .13(2 .48)
C hin-lip  fold 8 12 12 10.75 9.5 to 10 12.02 (2.07) 11 .70(1 .66)
M ental em inence 9 12.25 12.25 11.25 10 10.25 10 8.94 (2.42) 9.57 (2.36)
Frontal em inence 11 8.75 8 4.25 3.5 4.51 (1.40) 4 .7 8 (1 .7 4 )
S u p rao rb ita l 12 4.75 4.5 5.75 6 5.75 5.25 5 .4 6 (1 .3 1 ) 5 .7 9 (1 .8 9 )
In frao rb ita l 13 7.75 8.25 8.25 7 4.25 4.5 5.97 (2.87) 6.42 (3.83)
Inferior m alar 14 17 17.75 13.25 12.75
Lateral o rb it 15 13.25 12.75 10 10.75 6.75 7.75 7.54 (1.49) 8.25 (2.52)
Z ygom atic  arch 16 8.5 9 7.25 7.5 4.25 5.25 6.49 (2.50) 9.30 (3.21)
S upra glenoid 17 11.75 12.25 8.5 8 6.75 7 9 .1 0 (4 .0 4 ) 8.44 (3.84)
O cclusal line 18 19 19.25 18.25 17 10.5 9.5 19.06 (9.08) 21.26 (8.37)
G onion 19 14.75 14.25 11.5 12 14.20 (6.08) 13.50 (6.60)
M andible 20 16.5 17.25 16 15.5 13.13 (5.31) 11.88 (5.95)
M axilla  21 22 21.25 19.5 19.25 12 .68(2 .10) 12.99 (4.45)
The thickness data is exported to a chart to display the thickness distribution with respect 
to the subjects’ gender and ethnic origin (Figure 5.18, 19). It can be seen from Table 5.6 
and 5.8 that at most points, there is less than 20% difference between data collected in 
this study and that of American whites collected by Rliine and Campbell except around 
the lateral orbit, occlusal line. Sub M2 (mandible) and supra M2 (maxilla). In these sites, 
their data have much greater thickness over European whites and Chinese males.
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Male thickness comparison between different ethnic groups
•  Black m d e  (needle)
■ A m erica] w hite male needle 
Eiumpean w hite  male (needle)
» M ixed male (C T )
« European w hite  male (ultrasound) 
+ C hinese male (ultrasound)
9 12
l^andnark points
15 18 21
Figure 5. 18 Comparison o f data between different male ethnic groups
In the frontal bone area, the skin surface is almost parallel to the underlying bone surface, 
so it is easy to put the needle normal to the bone surface. The ultrasound data and needle 
data is comparable. In frontal bone area (point 1,2, 11, 12), the American white thickness 
tends to be thicker than the European white data collected by the Kollmann and Buchly 
(1898). This might be due to the overall better nutrition improvement during this century 
or may be the cadavers from which the data was collected by Kollmann and Buchly were 
not fresh, post-mortem dehydration caused the thin thickness. The use o f fresh cadaver 
samples was emphasised by Rhine and Campbell. In vivo European data (measured by 
ultrasound) is 10-20% greater in supraglabella and frontal eminence than in vitro 
American white data (needle). The Phillips and Smuts’ data is greater than the ultrasound 
data, which might be due to the angle of CT slices. From Figure 2.2, it is found that the 
angle of the CT slice is about 30° to the normal o f the frontal bone, this exaggerates the 
actual thickness in the frontal bone area, but it will not cause error in the area where CT 
slice angle is normal to the bone surface such as lateral orbit and gonion area.
This can be explained from the following equation:
5.36 X cos (30°) = 5.36 x 0.866 = 4.64 (5. 6)
4.88 X cos (30°) = 4.88 x 0.866 = 4.22 (5. 7)
The 4.64 and 4.22 are not much different from ultrasound results 4.65 and 4.29 
respectively.
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Female thickness comparison between different ethnic groiçis
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Figure 5. 19 Comparison o f data between different female ethnic groups
In infra orbital area, the mixed race data is smaller than other data, but its standard 
deviation is larger. The mean thickness of male and female is 5.97 and 6.42, but the 
standard deviations are 2.87 and 3.83 respectively. This may be due to the very large age 
range o f their subjects from 12 to 71 years. However, the thickness change pattern with 
respect to age is not studied here.
In mid-philtrum, chin-lip fold, mental eminence and gonion area, the thickness of 
American and European white is similar, but it is smaller than that o f mixed race. This 
might be due to the angle of CT slices.
In inferior malar area there is not great thickness variation. In this area, the CT slice is 
normal to the bone surface and the skin and bone surfaces are nearly parallel. The 
ultrasound data and CT data is comparable.
Ultrasound ^  
Needle
CT
Figure 5. 20 The explanation o f the difference between needle and ultrasound data.
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In lateral orbit and maxilla area, the in vitro American data is much greater than other 
data. It might be explained with reference to the geometry in Figure 5.20. In the later 
orbital area, the CT slices are almost normal to the zygomatic process of maxilla, so the 
results from ultrasound and CT are similar. However, needles are always inserted 
perpendicular to the skin surface, which in these locations is not parallel to the bone 
surface resulting in a over estimation of tissue thickness. The reason why the in vitro 
European white data is so small is imlcnown and it may be due to the non-fresh cadaver.
In zygomatic arch and supra glenoid area, there is no great thiclaiess variation between all 
the data except the in vitro European data. Maybe the in vitro data was collected from 
very thin cadaver or the Emopean white was very thin in that area in last century.
In occlusal line and mandible area, the needle (except European white) and CT data is 
both greater than the ultrasound data. This might be explained by the angle of the needle 
and CT slices is not vertical to the underlying bone so their data is greater.
5.5 Accuracy in Ultrasound Thiclaiess Measurement
This section discusses the error and accuracy of the ultrasound thickness measurement.
There are a number of factors that can affect the accuracy of the thickness values:
1. Resolution of the ultrasound.
2. Resolution of the data acquisition system.
3. Interpretation errors due to selection of correct echoes in the signal.
4. Errors arising from the incorrect value for the speed of sound in pai'ticular tissue.
5. Indention of the skin when taking measurement.
6. Facial landmark determination error.
The resolution of ultrasoimd has been stated to be approximately 0.12 mm. The data 
processing software has a resolution of 0.0031 mm and therefore does not contribute 
much to the overall error. The lai'gest error source comes from the signal interpretation 
and the following discussion will show how this occurs.
It is convenient to use Figure 5.21 for this explanation. It highlights a problem that seems 
to occiu' as the signal is interpreted. Wlien the software extracts the thiclaiess, it will not 
use the peak B, C, D to calculate the thickness because the ultrasound signal is from
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masseter muscle, the thickness cannot be less than 11 mm. It will choose E automatically 
to give thickness value 15.91 mm. But there is another echo F just beyond it, the distance 
from A to F is 16.93 mm. As the peak F is lower than E, it is not selected. This gives an 
error of 6% (1.02/16.93). But this error can be avoided by manually checking the signals 
during the post-processing stage. There is a fail rate about 5% of the automatic thickness 
extraction algorithms.
169-
150-
100-
9 0 -
■90-
-100-
-165-,ao 20 10 4.0 5 0 6.0
Figure 5. 21 Illustration o f errors from the wrongly interpreted signal.
The average speed of sound value for soft tissue, 1540 m/s, used by most researchers for 
abdomen imaging, results in an approximate error of up to 0.7%, depending on the 
proportion of fat and muscle. For tissue thickness up to 20 mm, the error could be as high 
as 0.14 mm. In this research, the speed o f 1550 m/s is used. If a tissue consists o f 10% 
skin, 30% tat and 60% muscle, then the actual ultrasound speed is:
1640 X 0-1 + 1460 X 0.3 + 1580 x 0.6 = 1550 m/s. (5. 8)
If the tissue consists o f 5% skin, 25% fat and 70% muscle, the speed should be:
1640 X 0.05 + 1460 x 0.25 + 1580 x 0.7 = 1553 m/s. (5. 9)
There is 0.2% difference between 1553 and 1550. So the choice o f ultrasound speed may 
not contribute much error to the thickness measurement.
An error occurs if the skin is being indented by the probe while taking measurements. 
This can easily occur but is avoided by using the following technique. Once the correct 
signal is located, with the same orientation the probe is retracted from the skin until the 
signal disappears and then reapplied until it just appears again. It is at this point ensuring 
the least amount of pressure on the skin that the signal is sampled. It is not possible to 
predict accurately how much o f an error occurs from indenting because it is variable
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depending on the amount of pressure being exerted on the soft tissue by the ultrasound 
probe and the properties of the tissue. In the frontal bone area, it is not easy to indent 
tissue there, but in cheek area, with 4 kPa pressure, the tissue can easily be indented from 
17 mm to 10 mm for some people. In the best case scenario, where the indentation has 
been kept to a minimum, the resulting error is estimated to be less than ±0.1 mm.
The landmark position error was determined by using laser-scanning method. First, dots 
were marked on a subject’s face, the face was scanned and the dots were removed. Some 
time later, dots were marked and scamied again, the two pictures were compared, and it 
was found that the difference between the landmarks was within ±2 mm. So it does not 
contribute much to the error.
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6. Surface Model Creation
A laser scanner is used to create a surface model of the head because of its three- 
dimensional, antlii'opometric surface contom* acquisition capabilities. This chapter 
describes the laser scanning teclmique, its calibration, error analysis and data processing 
to create a surface head model. The surface model is exported in the IGES file format, 
which is a standard data exchange format in CAD software.
6.1 The UCL Laser Scanner
A laser scanner bought from Department of Medical Physics and Bioengineering at 
University College London (UCL) is used to acquire 360° scans of the head. The 
equipment consists of:
• 1 infrared laser emitter (670 mn wavelength).
» 1 CCD Sony Avacam video camera.
® 4 mirrors: two 25 cm x 25 cm, two 10 cm x 10 cm.
® 1 workstation comprised of 486DX33 105 MB computer with a 20 MHz T800
transputer, 1 Avery SVGA monitor, 1 EIZO Flex Scans 9060S video monitor, 1 
Hitachi black-and-white camera monitor.
• 1 platform and chair operated by a stepper motor and a shaft encoder for feedback.
The layout schematic is shown in Figure 6.1 and the actual set-up is shown in Figure 6.2. 
The centre-of-rotation lie coplanar to the laser line.
The laser scanner operates on the principle of triangulation. In operation the subject is 
seated on the axis of rotation. The subject is rotated by a synclironised drive unit whilst a 
series of frames ar e grabbed from the camera.
A point red light low power laser is converted to a line beam by shining it through a 
cylindrical lens. This line illuminates the subject to be scanned. The illiumnated profile is 
viewed from either side by a pair of lar ge mirrors, which, in turn, are viewed by a camera 
via a pair of small mirrors. The output of this camera can be seen on a camera monitor, 
and the shape of subject’s face at that particular profile is apparent from lines shown. The
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distance of the line on the subject from the rotational axis of the scanner system is 
transformed into two symmetrical lines on the CCD camera. The position of these lines on 
the camera screen relative to the centre of the camera are then compared with a range 
calibration table (see §6.3) and the axial dimension of the subject at that position can be 
found. To collect more than one profile the subject is rotated on the chair and the angle at 
which the profiles are collected is measured using a shaft encoder attached to the base of 
the scanning chair. Up to 245 of these profiles may be read into the computer at one scan.
Mirror D
Mirror BMirror C
Camera
Mirror A
PC hosted 
Transputer 
Graphics system
Schematic of laser scanner set-up
The red line projected onto the subject’s face comes from a small laser emitter that is 
situated at the back of the camera. This is a low-power (1-milliwatt, class 3 A) laser and the 
process of fanning it out into a line enormously reduces the intensity. There is an 
international safety standard (IEC825) that applies to laser light and according to this 
standard it is safe for the line o f light to be shining directly into the subject’s eyes for up to 
10 seconds (UCL laser scanner user manual). Actually, during scanning, the laser beam 
shines onto the eye for less than 0.5 second and subjects are required to close their eyes.
The scanner is limited to scan objects that have an axis of rotation running from the top to 
the bottom of the object. This is due to the fact that the calibration of the scanner and the
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two-mirror set-up only allows for positive distances to be measured. If the surface of the 
object is behind the axis o f rotation, the two lines on the CCD camera cross over and no 
meaningful data is able to be obtained.
C h a n 1 I K ’ J  1
H R  ' I
/
Figure 6. 2 laser scanner set-up
6.2 Resolution and Accuracy
The scanned surface data is formatted in the form of cylindrical polar co-ordinates. This 
particular scanner has the capacity to vary radial spacing between frame grabs, therefore, 
affording the user the ability to obtain a higher resolution of data over selected scan 
sectors. This facility was employed on the human head where greater resolutions of data 
are acquired over the fece region compared to the rear of the head. This scanner is able to 
collect 245 radial scans each of which consists of 320 data points giving a maximum 
number of about 78,000 data points per scan. The grid spacing of the radial and vertical 
data point lines is determined by the diameter o f the object (radial) and the zoom factor of 
the CCD camera and mirror geometry (vertical). The spacing of the scan grid can 
obviously be overcome by taking a series of scans of different portions of the object and 
concatenating them at the post processing stage. With the present scanner set-up, the
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One of the limiting factors of the present laser scanner teclmology is the accuracy to 
which the data can be collected. The axial accuracy of the scanning process is important. 
The range accuracy of the seamier system is defined firstly by the resolution of the CCD 
camera and secondly by the interpolation algorithms used in the pixel frame grabbing 
hardware and software. The scanner used was bought commercially therefore access to the 
code for the frame grabber is not available and the scanner hardwaie could not be 
changed. The range accuracy is measmed to be ±0.5 mm.
A number of potential sources of error or scan inadequacies in the laser scanning process 
have been considered:
• Scale change of dimension such that a surface may be uniformly enlarged or reduced.
® Intra scan deviations of scale or of geometry.
• Poor profiles from rapidly changing surfaces and therefore inadequate scans.
• Poor reflection from dark surface .
• Apparent distortion due to ill defined features, e.g. hair.
• Movement artefacts.
The change of dimension can be solved by calibrating the laser scanner. The checks of 
dimensional accmacy was achieved by using standard objects of known dimensions and 
geometry, and then comparing the displayed data with the dimensions of the original 
object. An ellipsoid solid and a conical solid with two conic sections, were the principal 
dimensional check objects. The measui'ement process was foimd to be accurate to within 
±0.5 mm where the high modelling resolution was used. In lower resolution modelling 
virtual distortions could be seen.
The poor profiles from rapidly changing surfaces such as nose and ear can be solved by 
sample more profiles in this area to get high resolution. Fortmiately, the ear is not the 
place in which we are interested in the 3D facial soft tissue modelling to simulate the soft 
tissue deformation under oxygen mask. In nose aiea, more samples can be performed.
Poor reflection from dai'k surface can be minimised by adjusting the gain of the laser 
seamier. The use of such a laser limits the surface colours that give good reflections, dark 
colours such as dark green, black and dark brown absorb the light and no reflection is seen
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by the CCD camera. Also with the two-mirror-set system, veiy shiny objects cause 
problems. In this case double reflections are seen in the camera. The first reflection is true 
reflection flom the object; the second is a reflection from the object to the first mirror, 
back to the object and then to the camera again. The presence of four, instead of two lines 
on the CCD screen obviously gives invalid results. There is no such problem for human 
face scanning.
A thin white swimming cap of high reflectivity is used to achieve the double benefit of 
hair artefact reduction and high reflectivity at the dome surfaces. There will be a 
dimensional difference between the smface of the skull cap and the implied underlying 
skull. The magnitude of this inlierent error can be estimated by calliper measurements. 
However this can only be applied to a few points on the profile, instead of the ideal few 
hundred/thousand points that each level of scan actually contain. Because the skull pai't of 
the head is far away from the region of interest (frontal face), the accuracy of the 
dimension of the hair covering skull has little effect on the FEA model in central face 
ai'ea.
Reduction of light leakage has been effected by turning off all the lights in the lab. The 
only light besides the laser beam is from the computer monitor and the video monitor. It is 
found that there is no artefact caused by the monitor brightness.
Movement artefacts are kept to a minimum by choosing a scan time small enough (10 -  
20 seconds) to avoid significant movement, but with a rotation rate sufficiently slow as 
not to induce unwanted vibrational response, and ensuring the volunteer is comfortably 
positioned. The movement artefact is mainly from the breathing and involuntary 
movement of the subject. There are regular grids on the scaimed image (Figure 6.3). If the 
scanned image has movement artefacts, the laser scanning is repeated to ensure there is no 
visible artefacts (Figure 6.4). Actually, the movement artefact is larger than the accuracy 
of the laser scanner (0.5 mm). Because no more than 6 seconds are needed to scan the 
facial area, the subject can hold his breath during this period, the movement artefact does 
not contribute much error.
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Movement artefacts
7 fiducials
Figure 6. 3 Subject scanned with movement artefact.
Less movement artefacts
Figure 6. 4 Subject scanned with less movement artefact.
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6.3 Laser Scanner Calibration
Before the system is capable of acciu'ately scanning a subject, it is necessary to calibrate it 
to provide the information needed for analysis. Tlnee calibration parameters are:
• The mirror angle.
® The camera tilt.
• The distance from the centre-of-rotation to laiown radial position.
Calibration needs to be done when the system has been physically moved causing any one 
of the tlnee parameters to change, or periodically, to correct for drift.
The calibration tools consist of an attacliment that suspends a 150 mm graduated rod over 
the chair, perpendicular to the centre-of-rotation. The zero position on the graduated rod 
corresponds to the centre-of-rotation and is positioned using a standard plumb bob. At 
every centimetre on the rod there is a slot for the purpose of hanging the white flat 
calibration plate onto which the laser line is projected.
The first step in the calibration procedure is to adjust the mirrors so that they are in the 
position to view the subject being scanned and to reflect this image onto the camera 
mirrors, for the image to be recorded. This procedure is done by suspending the 
calibration plate over the “0 mm” slot. The software then prompts for adjustments to the 
mirrors' horizontal and vertical tilts based on the position of the projected laser light on 
the calibration plate. Continual adjustments are made until the mirrors are orientated to 
the correct position.
A dual mirror system results in two mirrored images viewed by the camera. Ideally, these 
are symmetrical about the vertical axis (the centre of rotation). When the camera has tilted 
aroimd its horizontal axis, an asymmetrical image occurs. At this instance, the software is 
imable to correctly continue its calculations. Rectification of the camera tilt is done by 
tuining a positioning screw imder the camera.
Once the mirrors and camera are positioned correctly, the final calibration step, which sets 
known radial distances from the centre-of-rotation, is executed. This is completed by 
suspending the calibration plate at each of the centimetre intervals where the illuminated 
profile is viewed and digitised by the camera and a range calibration table is created.
113
Chapter 6 Surface Model Creation
During the calibration, the slope and centre values are actual calibration values. The 
horizontal component of the data is derived from the knowledge of the profile point 
measurement and the centre of rotation. The vertical component comes from the camera 
line nimiber, which correspond to a vertical position and the calibration values and 
perspective correction for radial distance.
Calibration values are measured at 10 mm intervals from the centre of rotation and a 
linear best fit is applied to five slope and intercept values to correct radial distance 
measurements (Figine 6.5 and Table 6.1).
CO1
slope
Actual correlation
Best fit line
I Perfect correlation
5 11
Actual distance (cm)
Calibration of distance from centre of rotation to the calibration plate.Figure 6. 5
Table 6. 1 The Calibration parameter
Parameter Purpose
Centre Centre of rotation
Slope Slope
Cint Intercept for radial distance correction
Yfact Not used
Smy5 Fifth calibration value
Smyl 1 Eleventh calibration value
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6.4 Laser Scanner Output File Format
The output from the laser scanner is in the form of a binary file (.Ism). It contains a 
header, the calibration constants and then a series of angular positions followed by the 
range data.
The pixel count is stored as a 16 bit integer. Real nimibers are stored as integers. All 
values in the Ism file are stored in the format that the least significant byte is stored first, 
followed by the next more significant byte.
The Ism file contains one point on each vertical scan line for every ‘good’ data value - this 
is fi'om the first good point to the last good point on eveiy radial scan and the number of 
values is appended. The cause for the ‘bad’ points is described in §6.1 and 6.2. Data is 
stored as a positive value for good data and as a negative value for bad data. The smaller 
the number, the closer the point to the central axis of rotation.
Since the seamier acquires data from a rotating object it is measuring the position of a 
series of points on the surface of an object as a set of radial distances from a known centre 
of rotation at Icnown heights and at a laiown angle. The angular information is derived 
from the shaft encoder. Since the shaft encoder can resolve one pai*t in 4000, 4000 counts 
are equivalent to 360 degrees rotation, i.e. of the 0.09° resolution. This data collection 
process approximates to the collection of a series of vertical slices into the object at 
laiown angles, measured in a cylindrical co-ordinate system.
Table 6.2 shows the data storage format o f the .Ism file. The first 256 bytes of the .Ism file 
are various text strings such as the date, patient’s name etc. Bytes 254 and 255 are ^D and 
^Z, the Unix and DOS text string terminators. There are then 4 bytes of version id for 
compatibility checks. The field values are in hexadecimal notation; typical value is 14,00 
signifying that it is a .Ism file and 01,00 denoting version of the file.
From byte 260 onwards the file contains the object profile data. The next 24 bytes contain 
6 calibration numbers (each taking 4 bytes). These are impacked by the program to 
recover the calibration data. The next 24 bytes are unused in the .Ism file. The next 2 
bytes are the total number of profiles in this Ism file.
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The following 8 byte integers (except 312-313) are used as variables, which determine the 
angle, first and last good data points in this profile. All the following vaiiables are the 
range distance in this profile. Then the data of next profile follows until the last profile.
Table 6. 2 Data storage format of .Ism file.
Address Pui'pose
0-253 Patient information
254 Crtl4-D
255 Crtl4-Z
260-283 Calibration
284-307 Unused
308-309 Number of profiles
310-311 Angle 1 (profile 1)
312-313 Unused
314-315 First vertical scan number
316-317 Last vertical scan number
318-319 range data 1 in this profile
320- ... Other range data in this profile
N Angle 2 (profile 2)
N4-2 Unused
N-H4 First vertical scan number
N4-6 Last vertical scan number
N4-8 Range data 1 in this profile
N4-10 Range data 2 in this profile
Remaining range data
The shaft encoder angle is stored as a signed 16 bit integer (in minutes of arc). Since it can 
have either positive or negative values, the integer is encoded as a complement number. 
Thus a value of 59862 in the .Ism denotes a shaft encoder angle of -5854 minutes of arc 
(in an anti clockwise direction) fiom the centre line position, as shown hi the following:
59682 = E922H = 1110,1001,0010,OOlOB 
=-(0001 0110 1101 1101 B 4-1)
=-(16DD 4- 1)H = -16DEH =-5854D
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After the shaft encoder angle value the .Ism file continues with a byte for the mirror 
number (0) which is not used in the .Ism file. The values for the first good vertical scan at 
this shaft angle occurs next followed by the last good vertical scan number.
From these the vertical size of the array is calculated and a range data value follows for 
each point of the vertical scan array. These data values are a factor of 10 too large to allow 
for future scanner improvements and therefore need to be scaled down as are read from 
the .Ism file.
The algorithm used to obtain xyz values from the .Ism file is shown below:
True radial distance is :
'■=—-------------------------------- he liltcentre- p ro f _ p t
True vertical offset is:
h = 1 + (g 2)
6.0
where:
p r o f i t  is the value of a radial profile point. The definition of other terms is given in 
Table 6.1.
To get true 3D co-ordinates:
Z = h (6.3)
X = r X cos (shaft encoder angle). (6. 4)
Y = r X sin (shaft encoder angle). (6. 5)
6.5 Data Processing
This section describes how to process the .Ism file data (Figure 6.6). The software is 
capable of processing .Ism laser scanner files to export an IGES file able to be used in
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FEA package. This process is to be sufficiently automatic to obviate the need for detailed 
Imowledge of CAD or FEA software.
^r
Find nose
Recover data and store in arrays
Calculating Cartesian co-ordinates
Interpolate bad data
Initialise arrays and variables
Export surface model in IGES format
Get calibration values
Figure 6. 6 Diagram of laser data processing.
IGES was established hr 1979 atrd it was supported by the US National Bureau of 
Standards (and eventually adopted by ANSI in 1981). This file format is accepted by 
almost all CAD/CAM systems (McMahon aird Browne, 1993). The IGES standard is 
essentially a specification for the structure and syrrtax of a file in ASCII, compressed 
ASCII or binary format. The ASCII format is used hr this study.
Softwar e was written as part of this study to convert the binary scan data in the cylindrical 
polar' co-ordinates into Cartesian co-ordinates. The transfer software, written in C++,
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initially reads the binary data file into a series of arrays. The range, angle arrd vertical 
height data is analysed to ensure the data is of a good quality. As the scan is talcen, any 
pixels on the CCD camera that do not register a range reading are given a large negative 
number thus effectively marking them as ‘nulT or ‘bad’ points, which is discussed in the 
previous sections. If the scan has too many null poirrts the scan must be rerim or 
discarded. If only a small percentage of the data (<5%) are null then the program registers 
the vertical and radial position of these poirrts.
Within the transfer process the null points are liirearly irrterpolated oirt and a record of 
these points is kept in an error anay. The position of the nose is formd by using the 
“lar gest slope” method because the difference of radial distance of nose tip and one poirrt 
below it is largest in the central part of the face. The position of the nose tip is important 
as it is the main landmark that can easily be detected and other position can be determined 
relative to it. For example, the eyes are about 20 points above it and 15 points left and 
right to it. Once the data fields are completely populated with scan data, the cylirrdrical 
polar co-ordinates are converted to regular* Cartesian co-ordinates.
During the calibration of the laser seamier, information about the relationship between the 
real range and the horizontal pixel position is taken giving a range scale. A similar piece 
of information is taken for the vertical pixel position and the real height scale of the 
scanner. From the combination of the angle of the scan line and these calibration 
constants, the XYZ co-ordinates can be calculated for each point of the scan (Equation 
6.1-6.5).
The software can also determine which part of the face needs to be exported and the 
intervals between the grids. If all the data points (78,000) are exported, it may be too lar ge 
for an FEA software. The user can choose to export more data in the frontal face area and 
fewer data in the rear head (Figure 6.7-14).
Figiu’e 6.7 is the image with no sub-sampling. It is very vivid. But its size (IGES file) is 
31 MB and it has 130,168 entries. It took 3 hours to import this file into the Design CAD 
software (Viagrafix Corporation, Pryor, OK 74361) in a 266 MHz Pentium II machine. 
This may be too big for a FEA modelling software. So efforts have been talcen to design 
the software to let the user determine the reasorrable high resolution and small file size. 
Figure 6.8 is the head exported every 10 points giving 24 grid horizontally and 24 grid
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Only the shape of the head is recognisable. Figure 6.9 shows the head in the Design CAD 
software. It seems that such a model may be too crude for FEA analysis.
Figure 6. 7 The non-resampled head. It has every detail.
Figure 6. 8 The data is re-sampled every 10 points.
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Figure 6. 9 Surface model re-sampled every 10 points.
If the head is exported every 5 points (Figure 6.10, 11). The quality is better. The eyes, 
nose and mouth are recognisable. But the detail information of the nose tip is lost as the 
nose shape changes greatly. The file size is 1297 kB and there are 5395 entries. This mode 
may be suitable for a crude model.
If the data is exported in uneven mode, for example, on the rear head, 1 in every 10 point 
o f the data is exported; on the lateral head, every 5 point of data is exported and on the 
face very 2 point (Figure 6.12,13). The detail information is not lost. The file size is 1585 
kB and there are 6594 entries. There are about 20% more entries than the even grid (every 
5 points) mode but there are more data points in the area of interest.
There is an interesting phenomenon. In Figure 6.12, the movement artefacts are not visible. 
But in the higher resolution mode (Figure 6.7), it is recognisable. This is because the re­
sampling procedure removes the movement artefacts by coincident.
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Figure 6. 10 The data is re-sampled every 5 point.
1 ^  iq  33 39 y\ 18713 0 ^  105 79 lO l -110 SS QZ| 157 2Ï
g u m  Hr,4
Figure 6. 11 Surface model re-sampled every 5 points.
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Figure 6. 12 The data is re-sampled 1 in every 2 point on the frontal face, every 5 on the 
lateral head, and 10 on the rear head.
Dui>ignCvND 3  D fu i W in d c m !  U n litl tn l 1
e , Ed! Qpfcw Own Bart OMmon I«*  M*
OK I C m d l
^  53 *# vj 0 l |  0613 O q 0
g  l i n l i t l e d  1 1
Figure 6. 13 Surface model re-sampled unevenly. It is re-sampled in every 2 ,5 , 10 points 
on the frontal face, lateral head and rear head respectively.
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If the data is exported so that every data point on the frontal face is exported, the file size 
is 3301 kB and there are 13737 entries (Figure 6.14). It has bigger file size and more 
entries.
Figure 6. 14 The data is re-sampled every 1 point on the frontal face, every 5 on the lateral 
head, and 10 on the rear head.
6.6 Summary
This chapter describes the facial surface profile acquisition technique using laser scanning. 
The accuracy of the laser scanning is 0.5 mm. The average grid spacing is approximately a 
3.2 mm (horizontal) by 1.3 mm (vertical) grid at object diameters o f 250 mm if the evenly 
spaced 245 profiles are applied. The output of the scanner file (.Ism) is processed to be 
exported in IGES format. The actual output resolution is adjustable in the software to let 
the user determine the different levels o f soft tissue modelling to suit different applications 
of the FEA modelling. The surface model has already been imported into a CAD software 
(Design CAD).
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7 3D Ultrasound and Space Registration
The facial surface model described in chapter 6 has the potential to be valuable in itself. 
However, by combing these data sets with facial tissue thicloiess data into one 
comprehensive data set, results in a soft tissue shell model, which may be introduced to an 
FEA package to provide even more useftil information.
A-scan ultrasoimd teclmique is used to acquire facial soft tissue thickness (Chapter 4) and 
the probe space position is acquired by an electromagnetic space locator. Effectively A- 
scan ultrasound with laiown space position is 3D ultrasound.
A simplified block diagram for acquiring 3D ultrasonic data is illustrated in Figure 7.1. It 
consists of three principal components, the Cutech A-Scanner (Dermal Monitor, DM70), 
the Polhemus 3 Space spatial locator and a PC. Position and orientation determined by the 
Polhemus 3Space locator are synclnonised with the acquisition of ID A-scan ultrasound 
signal fi’om the ultrasound scanner. The latter are digitised from the RF output of the 
scanner via a Gage CompuScope data acquisition board (Appendix C). Figuie 7.2 shows a 
photograph of the hardwai e.
7.1 The Polhemus 3Space Spatial Locator
The Polhemus 3 Space Tracker is an electromagnetic six degrees-of-freedom measurement 
device manufactured by Polhemus Incorporated (Vermont, USA). The Polhemus system 
consists of a stationaiy magnetic dipole transmitting antenna and two mobile receiving 
antennas (Figure 7.3). The transmitter has tlnee orthogonal electromagnetic coils, 
enclosed in a plastic shell, which emits the magnetic fields. The transmitter is the system's 
reference frame for sensor measurements. The transmitter is connected to an electronics 
unit via a 3 m cable and two sensors are also connected with 3 m cables. The transmitter 
approximates a cube with dimensions 53x53x58 m nf. The sensor is a small triad of 
electromagnetic coils, enclosed in a plastic shell, which detects the fluctuating magnetic 
fields emitted by the transmitter. The sensor is a lightweight cube (17 gram) whose 
position and orientation is measuied as it is moved. The sensor is completely passive, 
having no active voltage applied to it. The sensor has dimensions of 28.3x22.9x15.2 mm^.
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characteristics of the sensor are important since it is attached to the end of the ultrasound 
probe and should not interfere with its handling.
RS232
(x, y, z, a , p, y)
Probe
Data acquisition
Ultrasound scanner
Polhemus 3Space 
Spatial locator
Pentium II host PC
Figure 7. 1 Block diagram of the 3D ultrasound data acquisition system.
Polhemus transmitter
Ultrasound probe and 
position sensor
/
Ultrasound scanner
Polhemus
Figure 7. 2 The 3D ultrasound data acquisition hardware.
The position of the sensor is described by its relationship to a fixed Cartesian co-ordinate 
system (x, y, z) centred on the transmitter. A direction, or orientation, in relation to the
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(a), a , p and y are the angles rotating about OZ, OY and OX axis respectively (Figure 7.4 
and 7.5).
msmr
ensor
Figure 7. 3 The schematic of space locator.
y  Roll
»  Y
Pitch
Yaw
X
Figuie 7. 4 Roll, pitch and yaw of rotation.
Both antennas consist of tlnee mutually orthogonal coils, or loops. The diameter of the 
loops is small compared to the distance separating the transmitter and sensor so that each 
loop may be regarded as a point or infinitesimal dipole. Due to the symmetry of the
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Both antennas consist of thiee mutually orthogonal coils, or loops. The diameter of the 
loops is small compared to the distance separating the transmitter and sensor so that each 
loop may be regarded as a point or infinitesimal dipole. Due to the symmetry o f the 
magnetic fields produced by the transmitter, there are two mathematical solutions to each 
set of sensor data. Consequently, only half the spatial sphere enclosing the transmitter can 
be practically used at any one time to avoid ambiguity.
SOURCE
O
O
NON'METALUC
MOUNT
10-24 Mt.ZS LG. 
NYLON MTG. SCREW
SENSOR
4 - 4 0 R.6 2  LG.— ' 
NYLON MTG. SCREW
Figur e 7. 5 Co-ordinates o f the transmitter and sensor (Polhemus, 1989).
The transmitter radiates three mutually perpendicular magnetic fields when each o f the 
coils is excited in sequence by an alternating crurent. The driving signals for each coil are
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transmitter. The position and orientation of the sensor are calculated from the nine 
cuiTents sensed by the sensor. A more detailed discussion on the principles behind the 
3Space's operation can be found in Raab et al. (1979).
Table 7.1 shows manufacturer’s specifications for the Polhemus 3Space Tracker. The 
3 Space Tracker was chosen for its high resolution and accuracy at the time of 
development. The 3 Space locator was also used in the following ultrasound systems 
(Ki'ieg and Sanders, 1984; Selzer et al., 1989; Nelson and Elvins, 1993; Kelly et al., 
1994).
Table 7. 1 Manufacturer's specification for Polhemus
Operation mode AC field
Translation range 0.10-0.76 m
Translation resolution 0.82 mm
Translation accuiacy 2.54 mm RMS
Angular resolution 0.1°
Angulai* accuracy 0.5° RMS
Maximum update rate 30 Hz (Update rate for two sensors)
The metallic content of the ultrasoimd probe, to which the sensor is moimted, is of 
particular concern in this application since this potential source of interference cannot be 
readily eliminated. Every attempt is made to remove all other metallic objects fiom the 
scamiing locality. Next section is the error analysis about the Polhemus space locator.
7.2 Polhemus Space Locator Error Analysis
The proximity of conductive materials can alter the 3 Space's performance since the AC 
magnetic field radiated by the transmitter induces eddy ciUTents and distorts the 
transmitter field. The effect of eddy cuirents increases with the size of the metallic object. 
The larger the cross-section aiea tlnough which eddy ciUTents can flow, the lower the 
eddy current resistance. Hence, lai'ge conductive objects are to be avoided in the local 
environment. Polhemus system is vulnerable to environmentally induced noise fiom
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power cables, transformers, CRTs, and other devices that generate noise in the 100-10000 
Hz range.
A calibration frame was made for error analysis of the Polhemus system (Self, 1998). The 
frame was made of wood, which was chosen for its stability against dimensional change 
over time. The frame is mounted on a leg arrangement with the post supported on the 
plane itself. The table is covered with Lego® boards. Lego® is found to be a suitable 
source for accurate positioning. This entirely plastic toy is moulded from ABS 
(acrylonitrile butadiene styrene) to tolerances of tenth of a mm (verified through a 
microscope by Self). The distance between two dots of the Lego board is 8.0 mm. The 
transmitter can be moved along the post while the sensor is moved on the table. The post 
is the Z axis and the table is the XY plane (Figure 7.6).
Transmitter
♦ ♦
Sensor
Figure 7. 6 The set-up of the calibration frame.
Measurement was taken in a small lab. The calibration frame is 0.5 m away from a large 
steel stand (diameter of 100 mm and height of 1700 mm); 1.3 m away from a large metal 
file cabinet (450 x 600 x 1300 mm); 1 m away from a transformer; 1.5 m away from the 
computer monitor.
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Measurements were taken every 40.0 mm apart on the X, Y and Z axis. Measurement 
taken from X axis is from 56 to 640 mm, Y axis being from 78 to 680 mm and Z axis 
being from 46 to 685 mm. For each Z axis point, 15 positions in X axis and 16 positions in 
Y axis are measured, so 240 points are measured on one XY plane. 17 Z axis positions are 
measured, therefore 4080 (240*17) points in space are measured for each sensor. The 
results are shown below.
7.2.1 Error due to Distance between Sensor and Transmitter
It is found that there is difference of the measurement caused by the distance between the 
sensor and transmitter. This phenomenon can be observed from Figure 7.7, 7.8 and 7.9.
In Figure 7.7, 240 points are displayed for the X axis value of sensor against its real 
position. The Z axis value is 165 mm. There are 16 series of Y axis value in total and each 
series of data has 15 points. It is found that 16 series data are not parallel to each other. It 
is similar as the Y axis data (Figure 7.8), which is due to the distance between the sensor 
and transmitter.
X a x i s  d i s t a n c e
g 500
:  300
te 200
X a x i s  v a l u e
• S e r ie s  1
■ S er ie s2  
S e r i e s ]
■ S er ie s4
• S e r i e s ]
• S e r ie s6
■Ser ies?
■ S er ie s*
■ S e r ie s9  
S e r ie s  10 
S e r ie s  11 
S e r ie s  12
- S e r i e s I ]  
S e r ie s  14
- S e r i e s  15 
S e r ie s  16
Figure 1 .1  X axis co-ordinates.
This phenomenon is much clearer from the z axis plot. The farther away the sensor is from 
the transmitter, the more deviation between the values. The series 1 to 10 is more linear 
than series 10 to 15. Series 15 is farthest from the transmitter and the value is smallest. 
The Z values becomes smaller gradually, it is due to the position of the transmitter and the 
sensor, their axes are not placed exactly coincident to each other.
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Figure 7. 8 Y axis co-ordinates.
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Figure 1 .9  Z axis co-ordinates.
The 15 planes measured by sensor 1 are displayed in Figure 7.10. Tt is found that the planes 
near the transmitter are almost parallel to each other. So the slant between the transmitter 
and sensor has little adverse effect on the measurement results.
Distance from the space position measured by the two sensors is tabulated in Table 7.2. 
Distance is measured between the start and end points. For example, the distance 
measured from point (256.2, 189.4, 406.6) to point (422.5, 343.3, 244.5) is 278.60 mm. 
while the actual distance in space is 277.13 mm. The difference of these two values is 1.47 
mm and the error is 0.53%.
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Figure 7. 10 The planes measured by sensor 1.
We can find that the accuracy is higher when the points are between 50 mm to 500 mm 
away fi-om the transmitter. If the sensor is less than 50 mm away firom the transmitter, the 
coils cannot be treated as infinitesimal, this will contribute error. The error also increases 
with the distance between the sensor and transmitter. The errors are random when the 
sensors are within the 500 mm range. Because the dimension of human head is less than 
about 250 x 250 x 300 m m \ the head can be put within the 500 mm range to minimise 
errors caused by distance between sensor and transmitter.
7.2.2 Difference between Two Sensors
The difference between sensor 1 and sensor 2 is negligible (Table 7.2) within 500 mm 
range. The difference between them is less than the 2.54 mm RMS error specified by 
Polhemus. It should be noted that the difference between the two sensors becomes greater
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as the sensors are more than 500 mm away from the transmitter. Figure 7.11 is acquired 
by moving the sensor 2 on a plane and keep sensor 1 still. The sensor 2 relative to sensor 
1 position is calculated by Equation (7.14). It is found that this plane is just slightly 
distorted.
Table 7. 2 Comparison of measured distance with actual distance.
X Y Z distance actual distance Difference error (%)
sensor I 256.2 189.4 406.6 278.60 277.13 1.47 0.53
422.5 343.3 244.5
sensor 2 256.2 188.7 406.2 278.16 277.13 1.03 0.37
419.4 345.0 244.0
Sensor 1 102.0 64.5 165.4 283.78 282.84 0.94 0.33
220.6 267.2 324.7
Sensor 2 101.0 65.4 166.6 283.26 282.84 0.42 0.15
222.8 267.5 323.3
Sensor 1 132,1 154.3 446.7 294.39 293.94 0.39 0.15
339.3 347.1 365.7
Sensor 2 132.6 155.3 443.9 293.99 293.94 0.05 0.02
341.7 345.8 363.8
Sensor 1 212.9 150.8 448.0 297.79 293.94 3.85 1.31
421.0 347.1 365.3
Sensor 2 212.0 150.4 448.0 299.43 293.94 5.49 1.87
422.8 344.8 361.8
Sensor 1 381.4 219.6 529.0 257.90 282.84 -24.94 -8.82
566.2 351.9 650.9
Sensor 2 382.1 229.9 524.4 250.44 282.84 -32.40 -11.46
564.9 338.4 656.8
7.3 Sensor-Transducer Interactions
Kiieg and Sanders (1984) used a Polhemus Tracker to locate the position of an ultrasound 
probe and reported the following findings concerning the interaction between the probe 
and the sensed magnetic field. They found that a sepaiation of 150 mm provided accuracy, 
typically 1.25 mm in translation and 0.1° in orientation, provided that the ultrasound 
transducer did not lie between the transmitter and the sensor, and that the sensor is no 
further than 0.76 m from the transmitter.
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Predicting the interference caused by a metallic object on an electromagnetic field is a 
difficult problem. It depends on the conductivity o f the metal and its magnetic 
permeability, which in turn depend on the fi'equency of the applied field. Also, residual 
magnetism, the shape and thickness o f the object are important.
-150-
- 200 -
600 500 Lengthwinth
-500
Figure 7.11 A plane acquired by sensor 2 relative to sensor 1.
A series of tests were therefore done to determine the effect o f the proximity of an 
ultrasound probe on the sensor. Various sensor-transducer separations were recorded 
along a radial path fi-om the transmitter. The variation in the recorded measurements as the 
probe was moved closer to the sensor was noticed. The tests were not a complete study of 
the 6 DOF, i.e. all possible combinations of sensor-transducer positions and orientations 
relative to the transmitter. Only the relative positions used in actual measurement were 
tested. At close proximity, the variation in the 3Space tracking data due to the presence of 
the probe is great. However, less than 0.1 mm variation is obtained with a sensor 
separation o f 100 mm fi-om the transducer, provided that the probe does not lie between 
the sensor and transmitter. Consequently a plastic sensor mounting, illustrated in Figure 
7.12 and 7.13, was designed. Mounting the sensor at the rear end of the probe provides 
least interference with the handling o f the probe.
The scanning geometry is illustrated in Figure 7.13. The transmitter is positioned above the 
examination region to ensure that the probe will not obscure the sensor fi-om the
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transmitter and it is guaranteed that the sensor operates within the valid measurement 
hemisphere of the transmitter (x, y, z are positive). With this arrangement the sensor cable 
is conveniently bundled with the probe cable. Further tests have found that the presence of 
the probe cable has no noticeable adverse effect on sensor measurements.
Z'
„ Probe end/Sensor 2
Transform
X Probe tip
Figure 7. 12 Ultrasound probe with Polhemus sensor mounting.
Sensor 2Transmitter
Sensor 1
Ultrasound probe
Figure 7. 13 Polhemus transmitter and sensors position in the 3D ultrasound.
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7.4 3D Ultrasound Transformation Algorithm
Figure 7.12 is the configuration of the ultrasound probe. The receptacle at the end of the 
ultrasound probe is made of nylon with a groove cut to the shape of the sensor, enabling 
the sensor to lie firmly within. The sensor is placed in the receptacle during the ultrasound 
measurement. At the tip of the probe is the ultrasound transducer. At the end of the probe 
is the Polhemus sensor 2. Sensor 2 is mounted so that its central Z axis coincide with that 
of the probe.
The co-ordinates of point P are calculated from the position and orientation of the 
ultrasound probe end P' by the following equations (Equation 7.1-9, N-Nagy and Siegler, 
1987; Fu et al., 1987).
M  is the space transformation matrix to transform P 'to  P. 
where
(7. 1)
M  = Mr 
0 0
Yt 
Zt 
0 1
(7.2)
Xt^ Yt and Zt ar e the translation part of the transformation matrix.
Mr =
CaCp C a S p S y -S a C y  CaSpCy + SaSy  
SaC p SaSpSy + CaCy S a S p C y-C a S y  
- S p  CpSy CpCy
(7.3)
Mr is the rotation matrix. C stands for cos function and S  for sin. a , p and y are roll, pitch 
and yaw respectively.
F =
'0  '
TO 0
ZO Lp
J
(7. 4)
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Lp is the distance from the probe tip to the Polhemus sensor 2.
P  = Ylz\ (7. 5)
Equation (7.1) can also be written in the following format:
P  = Mr X P'+T
Where 7" is a 3x1 translation matrix and Mr is a 3x3 rotation matrix.
(7. 6)
"0 '
P' = 70 = 0 (7.7)
71 (7.8)
.2 1 ,
Yt (7.9)
The sensor 1 (SI) is used to monitor the head movement and is directly adhered to the 
forehead using double-sided sticky tape so that the change in orientation and position of 
the head from the reference position is monitored (Figure 7.14). Next, the spatial data is 
taken around the head using the second sensor (S2) that is attached to the end of the 
ultrasound probe. An arbitrary position of SI is registered to which all of the subsequent 
data is later transferred so that even when the subject moves his head, the relative position 
between PI and P I '  P and P ' remains constant (the position error between the two 
sensors is trivial, see §7.2).
For a point P  in space (Figure 7.15), its position is determined by: 
P I ^M O l xP lO (7. 10)
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P2 = M02 xP20 (7.11)
{XO, YO, ZO) is the world co-ordinates. PIO is the position of P in co-ordinate system {XI, 
Yl, Z l). P20 is the position of P in co-ordinate system (X2, Y2, Z2). MOl and M02 are the 
transformation matrix of co-ordinate system 1 and 2 to the world co-ordinates system 
respectively. P I and P2 are position of P  in co-ordinate system 0, so they should be equal.
P I =P2 (7. 12)
MOl x P 1 0 ^ M 0 2  xP20 (7. 13)
P10 = M 0r^xM 02 xP 20 (7. 14)
MOP is the inverse of matrix MOL So the position of point P in the co-ordinate system 2 
relative to sensor 1 is obtained.
P I
y  \&i,pi,Vi /  Ÿ  I
Figur e 7. 14 Detection of the head movement.
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Figure 7. 15 The space transformation of two sensors.
7.5 Accuracy and Error o f 3D Ultrasound
Although the Polhemus unit can sample position data at a rate of 30 Hz in continuous 
output mode, it takes 44 ms to transmit a full position record for two sensors. The 3 Space 
unit is run in the single transmission mode where position data is provided upon receiving 
a request. Upon entering the data acquisition mode, a signal is immediately digitised from 
the ultrasound scanner RF output. The system lies in a dormant state until the acquisition 
of a sequence of signals is activated by the operator.
The maximum position update rate possible with the current system is about 16 Hz (1/59 
ms). A 59 ms delay occuis between requesting a position measurement and receiving it. 
This delay consists of 0.5 ms to transmit the request, 3.5 ms to sample the magnetic field, 
11 ms computation time and 44 ms to transmit the data record.
The delay between when the tissue is imaged and when the position of the probe is 
determined is a potential source of registration error and imposes restrictions on probe 
velocity during scamiing.
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Requests for 3 Space position data aie synclu'onised to the beginning of each signal to be 
grabbed. The 3 Space unit operates in parallel with the signal digitiser, so the tasks of 
acquiring a signal and measuring probe position can be executed simultaneously. After the 
sample command is sent to the Polhemus, the ultrasound signal is sampled. The delay 
between the space position sampling and the ultrasound signal sample is less than 4 ms. 
This contributes veiy little to the position error caused by the movement of the ultrasound 
probe. If we assume the movement speed of the ultrasound probe is 5 mm/s, the 
displacement of the probe is 5 x 0.004 = 0.02 mm.
Ps"
j£rs
Str
Str
Sensor
Xt
Figure 7. 16 Spatial location error for determining the location of a point in the 
ultrasound scan, p s ,  in transmitter space (xt, yt, Z t) .
The purpose of the spatial locator is to determine the position in transmitter space of 
points imaged in the probe's scan line (Figure 7.16). The error associated with 
determining the location in transmitter space of a point, ps, in scan space can be 
considered in two parts: the error associated with determining the position of the sensor 
relative to the transmitter, and the position error of the thiclmess point relative to the 
sensor, £■„. The magnitude of Sys is a function of the uncertainty in the sensor's orientation, 
zl^and the separation between the imaged point and the sensor, r,s->
= 2|r;,|sin— (7.15)
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From Equation (7.15), because the angular static accuracy of the Polhemus is ±0.5°, if 
is 300 mm (the tissue thiclcness 160 mm + the distance from the sensor to the probe tip 
140 mm), the position error of the imaged point relative to the sensor, Sys is 2.61 mm. If 
the angular static accuracy is ±0.1°, Syg is 0.52 mm.
The total position error, %, is the vector sum of £>,. and Syg, If both £/,. and s,g are 
independent random variables with zero mean, then the RMS position error is.
KI/fW5 -  —  V- 16)
This is the position accuracy for the ultrasound imaging system. Polhemus specifies the 
static translation accuracy of the sensor as 2.54 mm RMS for x, y, and z and the angular 
accuracy as 0.5° RMS for a , p and y, when the sensor is less than 0.76 m from the 
transmitter (Polhemus, 1989). Although a maximum transmitter-sensor operating distance 
of 3 m is specified, the quoted accuracy degrades over this extended range.
The position error for an imaged point as a function of its distance from the sensor is 
displayed in Figure 7.17. The figure used to compute the sensor translation accuracy is 
2.54 mm RMS, the vector simi of the quoted RMS uncertainty in the x, y and z directions. 
Similarly, the orientation accuracy, 0.5° RMS, is vector sum of the angular uncertainties 
a , p and y. These uncertainties result in a RMS error at 300 mm of 3.7 mm. If the 
translation accuracy is 0.5 mm, the orientation accuracy is 0.1°, then 5/j=0.72 mm. Figure 
7.17 assumes that uncertainties are independent and have zero mean. The distribution of 
uncertainties is unknown and how these error distributions vary spatially is also unknown.
Two important assumptions aie relevant to this discussion. The first is the assumption that 
the Polhemus specifications are accurate and that variations in the sensor position and 
orientation are uniformly distributed throughout the 0.76 m operating hemisphere. If this 
is not the case, then the error in some regions, or at certain orientations, may be larger or 
smaller than predicted. It was found that in the 50 to 500 mm region from the transmitter, 
the accuracy was better than the Polhemus specification but in the region farther away 
from the transmitter (>600 mm), the error was greater than that is specified by Polhemus 
(see §7.2 for detail). The second assumption is that the uncertainties in position and 
orientation behave as random variables. With the benefit of a precision positioning
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instrument (calibration frame, see §7.2), independent verification of the Polhemus 
specifications is possible. The experimental results suggested that the uncertainties were 
unpredictable.
5.5
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Figure 7. 17 Spatial location error, |sts|s as a function of the distance of an imaged point 
from the sensor for A0= 0.5° RMS and |str| = 2.54 mm RMS.
Discrepancies have not been reported by other users of the system for 3D ultrasound 
imaging and reasonable results have been obtained with this system. Many of the 3D 
reconstruction reported in the literatme have been fi'om short sweeps of a probe where 
semi-parallel slices were acquired (Barry et al., 1997; Hughes et al., 1996). Relative 
position and orientation accuracy over a short temporal period appeared to be tested by 
these scanning procedures rather than absolute position accuracy.
Interference from metallic objects, including the ultrasound probe, has a measurable effect 
(> 0.2 mm) on the performance of the Polhemus spatial locator. Consequently, the 
receiver should be located far away from the ultrasound probe; however, the further this 
distance, the greater the effect that inaccuracies in orientation have on the registration of 
imaged tissue. The current separation is a compromise between these two requirements.
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As a consequence of these studies, confidence in the Polhemus has been restricted to 
relative measurements in small area. This has not proved to be a great limitation in 
practice as most head size is less than 25 x 25 x 30 cm^ cube.
7.6 Integration of Shell Thiclmess into the Laser Surface Data.
To be able to reference the Polhemus data set to the laser scamiing data, a common datum, 
identifiable in both data sets, has to be designated so that the two sets of surface data can 
be merged together. During the laser scanning, seven dark light-absorbing dots (fiducials) 
8 mm in diameter with adhesive backing are positioned on the subject’s forehead (Figure 
6.3). Due to the light absorption when the subject is scanned, these dots appear as marked 
“bad” points in the file on the otherwise good data of the forehead. The centre of the dots 
is detected with an accuracy of ±1.0 mm.
The dots were left on the subject’s forehead during the ultrasound thiclcness measurement. 
Before the measurement starts, the position of the dots is recorded. During the thickness 
measurement, the space co-ordinate of probe end is recorded, and the position of the 
probe tip is found by calculation (7.1). When the thickness is extracted, the position of the 
facial bone surface or the air pocket is also determined.
Following the ultrasound measurement, the space data is incorporated into laser scamied 
data using the space transformation method. As the fiducials measured by the laser 
scanner and Polhemus should correspond to each other, the space transformation matrix is 
determined. This method is called point-based registration.
Point-based registration involves the determination of co-ordinates of corresponding 
points in different physical space and the estimation of a geometrical transformation using 
these corresponding points. The registrations involving head images of the same subject 
aie rigid-body transformations:
T ( p )^ R p  + Tr (7.17)
Where i? is a 3x3 rotation matrix, Tr is a 3x1 translation vector, and p  is a 3x1 position 
vector. Let P ~ {pj] for y = 7, ...,Wbe a point set to be registered with another point set Q =
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{qj} for j  = 1, where each point pj corresponds to the point qj with the same index. 
We wish to find the rigid-body transformation T that minimises the cost function
= (7.18)
This problem was given the name “orthogonal procrustes” problem by Hurley and Cattell 
(1962). It is Imown as the “absolute orientation” problem in photogrammetry (Ghosh, 
1988). A unique solution exists if and only if the points sets p  and q contain at least tlii’ee 
noncollinear points. Many closed-form solutions have been independently discovered. 
The solution of Arun et al. (1987) is used in this study. This method decouples the 
calculations of the rotation and translation par ameters. The rotation matrix is computed 
using the singular value decomposition (SVD) of the covariance matrix of the centroid- 
subtracted position vectors in the two spaces. The translation vector is calculated as the 
difference between the centroids of the two sets of fiducials.
After the translation and rotation matrix is derived, the data set collected by Polhemus can 
be transformed into the same co-ordinates system as the laser scanned head surface by 
(7.1). The only difference is that the R 'is  the space position collected by Polhemus, and P 
is the transformed data sets in laser scarmer co-ordinate system.
7.7 Measurement Procedure to Create a Facial Soft Tissue Model
This section describes the procedure to create a facial soft tissue shell model. It includes 
the laser scanning, ultrasound thickness measurement and Polhemus space position 
determination.
The subject is scanned by a laser seamier to create a surface model. The scanning 
procedure is described in Appendix F. Before the laser scanning, seven dark dots are put 
on the face to serve as fiducials used in the point-based registration to determine the space 
transformation matrix. Tlnee of the dots are placed at the centre of the forehead, they are 
coplanai' but not co-lineai* to the nose tip. Measurement on one side of the face can be 
mirrored to the other half by this plane. Two dots are positioned to the left and right 
forehead respectively. The more dots are used, the better the determination of the space
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transformation matrix. As it is determined by least square method and more points can 
reduce the random error caused by the determination of the dot centre.
The seven reference points were recorded by the Polhemus and exported as ASCII file 
(*.ref) for image registration use.
Then the facial tissue thickness is measured by ultrasound using the method similar to that 
described in chapter 4. 150 (15 rows and 10 columns) points on half of the face is 
measured this time. The row and column are denser in the place near the centre (nose) of 
the face because this is the most important place to simulate the tissue behaviour under g- 
loading and oxygen mask/tissue interaction. The position of the ultrasound signal is also 
recorded by the Polhemus simultaneously.
After the measurement, the data is analysed (Figure 7.18). The signal is loaded into this 
package for identification of the go-return time of the signal propagating through the 
tissue. The signal can be magnified so that all the details can be seen. The thiclmess of the 
tissue is either extracted by the software automatically or interpreted manually. All the 
ultrasound data processing methods are described in Chapter 4. The position of the inner 
shell is calculated by using the methods described in this chapter.
Loading 3D ultrasound signal
Extracting the thiclcness
Finding the inner shell
Writing inner shell to a file
Registering imier shell and 
outer shell
Figure 7.18 Block diagram of software system.
A separate software wiitten in C++ (see Appendix G, which is a floppy disk containing all 
the relevant files) is run to import laser scamied data and process the data to export the 
smface model in IGES data format (see chapter 5 for detail). This software can also
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A separate software written in C++ (see Appendix G, which is a floppy disk containing all 
the relevant files) is run to import laser scanned data and process the data to export the 
surface model in IGES data format (see chapter 5 for detail). This software can also 
import the inner surface data collected by ultrasound and Polhemus and register them with 
the outer surface data.
Because the inner surface data is just collected fi'om half of the face, the other half of the 
face is determined by mirroring the existing half. The central plan is determined by three of 
the seven reference points.
7.8 Shell Model Results and Discussion
The following model is created by scanning a subject and measuring the thickness of the 
facial tissue. The thickness is incorporated into the laser scanned surface model by using 
the space registration method. Figure 7.19 is the outer surface o f the shell model. Figure 
7.20 is the inner surface of the shell model.
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Figure 7. 19 Outer surface of the shell model.
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In the shell model, the face that includes the area from ear to nose has given thickness 
values obtained from the ultrasound measurement.
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Figure 7. 20 Inner surface o f the shell model.
The scalp and rear head are not accessible to the ultrasound probe as they are covered by 
hairs. The thickness values in these areas are assigned to be 7 mm based on previous 
measurements. Thickness measurements were taken from bald people with no hair on their 
head and it is found that the thickness varies from 5.5 to 8.5 mm. The average thickness is
7.0 mm. Because scalp and rear head are far away from the face, the area of interest, the 
error caused by the inaccurate tissue thickness has little effect on the FEA results of the 
facial tissue.
The inner surface of the rear head and scalp are extracted from the outside surface with the 
iso-thickness. The inner shell is parallel to the outside surface and thickness (the distance 
between the outer and inner shell) is constant, which is 7 mm.
The software program was developed so that three different tissue layers (skin, fat and 
muscle) can be extracted from the ultrasound signal and they can be imported into the shell 
model to create three component shell model. But the extraction procedure is not 
automatic. The soft tissue layer characterisation is not the objective of this study. The 
tissue layer characterisation in the shell model is suggested for the future work.
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The eyes are interpolated from the thiclmess data because it is not easy to measure its 
thiclmess, although it is possible in clinical diagnosis by using a water bath.
Inner surface
Outside surface
No base and the septum
Figure 7. 21 The nose part of the shell model.
The inner surface of the nose tissue is determined by the tissue measur ement, but there is 
no base of the nose or the septum (Figure 7.21). The missing of the septum may affect the 
FEA results. It depends on the boundary restriction of the FEA model.
The lower part of the face (lower than the chin and bottom mandible) is assigned the same 
thiclmess as the thiclmess in the lower chin. For example, if the thiclmess of the chin is
12.0 mm, all the part lower than the chin is assigned the thickness of 12.0 mm. This 
should not affect the FEA simulation of the model because these areas are far away from 
the area of interest.
7,9 Summaiy
This Chapter describes about the space locating and registration method. Electromagnetic 
space locating method was used to acquire the ultrasound probe position so as to find the 
position of the tissue thiclmess points. Point-based registration method is able to integrate 
the ultrasound thickness data into the laser scanned surface model to create a soft tissue 
shell model. The model was exported in IGES data format so that it can be imported into 
a finite element analysis package for further processing. The accuracy of the 3D modelling 
system is estimated to be better than ±1.0 mm. It is mainly determined by the 
electromagnetic space locator.
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8. Conclusion and Further Work
8.1 Conclusion
The design tool for creation of facial soft tissue 3D model includes the ultrasound 
scanner, laser scanner, electromagnetic space locator and the software to drive and link 
them.
The ultrasound facial soft tissue thiclmess measurement system software has been 
developed to enable rapid, automatic data collection except for about 5% fail rate. The 
error can be corrected by checking the ultrasound signal. This is a valuable contribution 
to the creation of a database of the soft tissue shell on the face and head.
Tissue thiclmess measuiements were taken using A-scan ultrasound for a number of 
reasons. Ultrasound measurement is non-invasive and cheap. The resolution of the A- 
scan system is 0.12 mm and the accuracy is ±0.2 mm. Ultrasound also offers the 
capability of dynamically tracking the deformation of soft tissue under external forces.
Facial thickness data was acquired ftom European white males, females and Chinese 
males. There are 112 points in the 11 predefined zones. Information was acquired on the 
boundaries between zones as part of tlie assessment of the zonal hypothesis. Initially, the 
zones were defined by their anatomical landmarks, the boundary were defined as the 
place where the thickness changes greatly over a short distance.
There is large thiclmess range difference (30%) over the face in most zones defined in an 
individual. The iso-thickness zone hypothesis is not valid if the ‘constant’ thickness 
criterion is set to be 10% for all zones. The zonal concept was amended by the author 
during this investigation to include regular thiclmess trends across the zones then the 
validity would be improved in some cases. For example, the top area in bottom mandible 
shows thiclmess values some times are thicker than the bottom area.
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Meanwhile the zonal approach offer a partial, if limited, tool for considered use against 
user defined criteria. The critical assessment discussed in this thesis presents almost a 
worst-case situation. The zonal hypothesis is shown to be of restricted value. So more 
points are needed to measure to create the shell model.
The purpose of introducing the zonal concept was to provide a fast route to shell 
modelling which had the possibility of speeding up the creation of soft tissue models and 
incorporation into design and FEA systems. The balance of both usefulness and validity 
will remain critically dependent on the needs of the user.
One of the original contributions of this researcher is that the landmark facial tissue 
thiclmess data collected in this study may also be useful to forensic science, because no 
other researchers have measured thickness of European white males, females and Chinese 
males in this century and the database is valuable for their facial reconstruction.
Laser scanning method was adopted to get the facial surface profile to create a surface 
model into which the soft tissue thickness distribution around the face can be 
incorporated to create a shell model. The accuracy of this laser seamier is ±0.5 mm and 
the best value of resolution in the region of interest is 1 mm. The output of the surface 
model is in IGES format and can be imported into CAD softwaie as long as it accepts the 
IGES file, which was validated by importing the surface model into a CAD package 
(Design CAD).
Electromagnetic space locating method was used to find the position of the ultrasound 
signal. The space locator used for this study was specified to have 2.54 mm and 0.5° 
RMS error in translation and rotation. Although actual measurement found that the 
measm-ed accuracy was much better than that specified by Polhemus within 50 to 500 
mm range in relative measurement (the error is less than ±0.7 mm).
Common data sets detected from laser scanning and Polhemus space measurement have 
been used to register the thiclcness data with the laser surface model. Point based 
registration method was used to register the two data sets and create a soft tissue shell 
model around which a new generation of helmets and masks for military aircraft crew 
may be designed using a CAD system and the tissue deformation under g-loading and
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helmet/oxygen mask tissue interaction may be able to be simulated. The accuracy of the
3D modelling system is estimated to be better than +1.0 mm. It is mainly determined by
the electromagnetic space locator.
The facial shell model creation procedure is as following:
« The head of a subject is scanned; the profile of the head and face is obtained; the
outside shell of the model is created.
® The thickness distribution of the face is obtained using the ultrasound thiclmess data;
# The inner shell of the model is obtained by the electromagnetic space locator; the 
depth between the corresponding points in the inner and outside shell is the soft tissue 
thiclmess of that point.
• A shell model is created by registering the thiclmess data with the laser surface data 
sets.
8.2 Recommendations for Further Work
8.2.1 Fast B-scan System
The system can be a basis for further development into what would be effectively a fast 
B-scan system. This could be attempted by incorporating information about the spatial 
orientation and position of the depth probe into the auto detection algoritlim thus 
providing rapid 3D geometrical data. The representation of this depth data on screen 
would require a similar approach to that adopted for diagnostic B-scamiing provided 
careful attention is paid to the fact that the data is collected normal to the underlying 
surface and not to the superficial siufaces nor is it likely to be coplanai'. This 
development could eventually lead to a zonal approach being umiecessary.
8.2.2 Layer Thickness
In this study, it is possible to see individual tissue layers in an ultrasonic image. This 
could be explored further, experimenting with different frequencies of ultrasound. For 
example, using a 30 MHz transducer to explore the layer where the layers aie likely to be
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very thin, such as on the forehead. Different layer thickness including the skin, 
subcutaneous tissue and muscle is needed to create a complete shell model useful for 
FEA analysis.
The soft tissue layer can be differentiated by determining the soft tissue attenuation 
coefficient, sound speed distribution and scattering coefficient (Chivers, 1980,1981).
8.2.3 Removal o f Movement Artefacts in Laser Scanning
The are movement artefacts caused by breath or other involuntary movements. This could 
be minimised by detecting the movement of the human head relative to a fixed position 
and then compensate for the laser scanner data.
A frame could also be designed to fix the head to restrict its movement.
A scanner fast enough to reduce the breath caused movement artefacts could be used, but 
the scanner should not vibrate.
8.2.4 Space Locator
The electi'omagnetic space locator used for this study was specified as 2.54 mm and 0.5° 
RMS error in translation and rotation. Although actual measurement found that the 
measured accuracy is much better than that specified by Polhemus within 50 to 500 mm 
range, it is still recommended to change the Polhemus used in this study to the latest 
version of the instrument that offers 0.762 mm and 0.15° RMS error in translation and 
rotation.
8.2.5 FEA modelling
FEA could be done with the facial soft tissue 3D model created in this study so that the 
simulation of facial tissue deformation under g-loading and the helmet/oxygen mask and 
tissue interaction could be cairied out.
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Appendix A Thickness Distribution within Zones
Table A. 1 Thickness distribution of subject faca
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.7 4.4 4.3 3.8 3.7 4.2 0.4 24.8
fb21 fb22 fb23 fb24 fb25 3.9 4.5 3.8 4.2 3.9
fb31 fb32 fb33 fb34 fb35 4.8 4.6 4.3 4.3 3.8
br11 br12 br13 br14 br15 4.3 4.8 5.0 4.5 3.8 4.5 0.5 27.5
tp11 tp12 tp13 8.6 10.8 10.3 10.3 1.3 37.2
tp21 tp22 tp23 9.1 11.3 10.3
tp31 tp32 tp33 8.6 12.5 10.6
tp41 tp42 tp43 9.3 9.9 12.3
zb11 zb12 zb13 zb14 5.6 4.9 5.6 6.3 5.9 0.8 47.2
zb21 zb22 zb23 zb24 5.5 5.7 5.1 6.3
zb31 zb32 zb33 zb34 5.6 6.6 7.9 6.1
za11 za12 za13 za14 za15 8.4 6.3 7.9 8.2 6.4 7.2 0.8 28.5
za21 za22 za23 za24 za25 6.8 8.4 7.9 7.1 6.7
za31 za32 za33 za34 za35 6.4 6.3 6.4 6.3 7.8
ck11 ck12 ck13 12.6 15.1 16.2 15.2 1.6 34.8
ck21 ck22 ck23 15.2 15.9 17.9
ck31 ck32 ck33 15.0 13.2 15.7
Ip11 Ip12 Ip13 lp14 8.4 8.3 10.0 10.1 9.2 1.0 19.8
mm11 mm12 mm13 13.6 16.3 15.6 16.0 1.4 28.4
mm21 mm22 mm23 15.0 15.8 18.1
mm31 mm32 mm33 14.8 15.7 17.6
mm41 mm42 mm43 17.9 17.1 14.7
Rm11 Rm12 6.4 6.6 7.2 0.8 34.5
Rm21 Rm22 7.2 7.2
Rm31 Rm32 7.1 7.3
Rm41 Rm42 6.9 9.0
bm11 bm12 bm13 bm14 8.9 8.1 8.5 8.8 8.7 0.3 13.6
bm21 bm22 bm23 bm24 9.3 8.9 8.7 8.8
cn11 cn12 cn13 cn14 8.5 9.4 7.5 8.2 8.4 0.6 22.2
cn21 cn22 cn23 cn24 9.4 8.7 8.5 8.3
cn31 cn32 cn33 cn34 7,9 8.7 7.9 8.0
Table A. 2 Thickness distribution of subject fbfa
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.1 4.9 4.2 4.4 4.5 4.5 0.2 18.0
fb21 fb22 fb23 fb24 fb25 4.1 4.7 4.3 4.6 4.6
fb31 fb32 fb33 fb34 fb35 4.7 4.7 4.4 4.4 4.5
br11 br12 br13 br14 br15 5.1 6.3 5.4 5.3 4.2 5.2 0.8 41.1
tp11 tp12 tp13 9.0 10.7 9.7 10.6 1.4 37.3
tp21 tp22 tp23 9.9 9.7 11.6
tp31 tp32 tp33 11.5 11.4 12.9
tp41 tp42 tp43 13.0 9.2 8.9
zb11 zb12 zb13 zb14 6.0 6.8 6.7 6.5 6.7 0.7 31.7
zb21 zb22 zb23 zb24 7.2 5.9 6.3 6.5
zb31 zb32 zb33 zb34 8.1 6.1 7.6 7.1
za11 za12 za13 za14 za15 7.5 8.8 9.5 5.5 7.4 7.8 1.1 53.9
za21 za22 za23 za24 za25 8.9 7.0 8.4 8.8 9.2
za31 za32 za33 za34 za35 7.4 7.3 7.3 7.2 7.6
ck11 ck12 ck13 11.8 14.1 12.6 14.6 1.8 41.2
ck21 ck22 ck23 15.7 15.2 15.5
ck31 ck32 ck33 14.0 17.9 15.0
Ip11 Ip12 lp13 lp14 8.7 9.4 8.0 7.9 8.5 0.7 16.8
mm11 mm12 mm13 13.6 14.9 18.0 15.8 2.3 50.9
mm21 mm22 mm23 18.0 16.7 17.9
mm31 mm32 mm33 17.8 17.2 16.3
mnn11 mm22 mm33 13.5 10.7 15.3
Rm11 Rm12 7.1 7.3 7.5 0.6 25.1
Rm21 Rm22 9.1 7.6
Rm31 Rm32 7.4 7.4
Rm41 Rm42 7.3 7.2
bm11 bm12 bm13 bm14 9.3 10.4 11.7 13.8 10.6 1.5 39.3bm21 bm22 bm23 bm24 9.4 9.3 10.7 10.5
cn11 cn12 cn13 cn14 8.8 7.8 9.2 7.8 7.7 0.7 28.1
cn21 cn22 cn23 cn24 7.1 7.8 8.3 7.1
cn31 cn32 cn33 cn34 7.0 6.9 7.2 7.4
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Table A. 3 Thickness distribution of subject fcza
Position Mean S.P. Range
fb11 fb12 fb13 fb14 fb15 4.0 4.1 4.3 4.2 4.2 4.6 0.5 31.4
ft)21 fb22 fb23 fb24 fb25 4.4 4.5 4.1 4.4 4.3
fbSI fb32 fb33 fb34 fb35 5.0 4.9 5.5 5.5 5.3
br11 br12 br13 br14 br15 4.9 5.0 5.8 5.5 5.4 5.3 0.4 17.1
tp11 tp12 tp13 10.5 9.5 10.0 11.3 1.3 30.8
tp21 tp22 tp23 13.0 12.6 10.5
tp31 tp32 tp33 11.1 13.0 12.3
tp41 tp42 tp43 10.7 12.2 9.7
zb11 zb12 zb13 zb14 8.8 8.3 5.5 7.9 8.7 1.2 59.5
zb21 zb22 zb23 zb24 8.4 8.1 9.7 10.1
zb31 zb32 zb33 zb34 9.3 9.8 9.5 8.7
za11 za12 za13 za14 za15 10.6 11.9 10.1 7.7 7.0 8.8 1.3 52,2
za21 za22 za23 za24 za25 9.9 8.6 8.5 7.4 9.3
za31 za32 za33 za34 za35 8.4 8.2 7.9 7.6 8.5
ck11 ck12 ck13 11.5 11.9 11.7 12.4 0.9 22.5
ck21 ck22 ck23 12.9 12.8 12.3
ck31 ck32 ck33 14.4 11.8 12.3
Ip11 Ip12 ip13 Ip14 10.0 8.6 8.8 9.3 9.2 0.6 14.5
mm11 mm12 mm13 13.4 13.5 13.5 14.2 1.2 28.5
mm21 mm22 mm23 16.0 14.2 16.2
mm31 mm32 mm33 12.2 15.1 15.4
mm41 mm42 mm43 13.3 13.7 14.5
Rm11 Rm12 9.0 9.2 10.1 1.2 34.1
Rm21 Rm22 9.0 9.8
Rm31 Rm32 10.3 10.6
Rm41 Rm42 10.4 12.6
bm11 bm12 bm13 bm14 9.9 10.8 10.7 12.3 10.2 1.0 26.9
bm2l bm22 bm23 bm24 9.4 9.9 9.4 9.5
c n il cn12 cn13 cn14 9.2 9.8 9.2 9.6 9.1 0.5 16.0
cn21 cn22 cn23 cn24 9.4 9.7 9.0 8.4
cn3l cn32 cn33 cn34 8.4 9.1 8.4 9.3
Table A. 4 Ttiickness distribution of subject feaa
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 3.9 4.2 4.1 3.7 3.4 4.3 0.4 40.6
fb21 fb22 fb23 fb24 fb25 4.7 4.5 5.2 4.2 4.4
fb31 fb32 fb33 fb34 fb35 4.6 4.8 4.1 4.4 4.7
br11 br12 br13 br14 br15 5.3 5.0 5.5 4.8 5.0 5.1 0.3 13.6
tp11 tp12 tp13 14.2 15.9 15.4 14.7 1.3 25.7
tp21 tp22 tp23 14.3 12.6 16.1
tp31 tp32 tp33 13.7 16.1 14.5
tp41 tp42 tp43 13.0 14.2 16.4
zb11 zb12 zb13 zb14 6.1 7.0 8.3 6.7 7.7 1.1 44.0
zb21 zb22 zb23 zb24 7.2 7.3 7.9 6.4
zb31 Zb32 zb33 zb34 9.0 9.5 8.1 9.3
za11 za12 za13 za14 6.2 7.4 7.5 7.1 7.8 7.7 0.9 27.8
za21 za22 za23 za24 za25 7.9 7.2 9.3 7.2 7.1
za31 za32 za33 za34 za35 7.1 8.8 8.8 7.1 9.0
ck ll Ck12 ck13 16.7 14.1 15.5 15.3 1.4 22.5
ck21 ck22 ck23 15.9 17.0 13.8
ck31 ck32 ck33 13.5 14.3 16.5
ip11 !p12 Ip13 ip14 8.8 11.3 9.7 9.5 9.8 1.1 25.3
mm11 mm12 mm13 12.2 16.0 11.5 14.5 2.1 43.2
mm21 mm22 mm23 12.2 11.5 14.5
mm31 mm32 mm33 15.1 14.8 16.0
mm41 mm42 mm43 17.8 16.0 16.1
Rm11 Rm12 11.7 9.6 11.2 1.5 39.1
Rm21 Rm22 14.2 10.0
Rm31 Rm32 10.5 11.2
Rm41 Rm42 12.1 10.3
bm11 bm12 bm13 bm14 11.3 11.1 11.4 12.4 11.8 1.3 34.5
bm21 bm22 bm23 bm24 13.1 9.5 13.4 12.1
cn11 cn12 cn13 cn14 8.6 8.7 9.7 9.0 9.1 1.3 53.5
cn21 cn22 cn23 cn24 8.7 10.6 7.8 6.4
cn31 cn32 cn33 cn34 11.0 10.3 10.5 8.5
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Table A. 5 Thickness distribution of subject fkba
Position Mean S.D. Range
fb11 fbl2 fb13 fb14 fb15 3.7 4.0 3.8 3.5 3.9 3.9 0.4 33.2
fb21 fb22 fb23 fb24 fb25 3.6 3.6 3.5 3.3 3.4
fb31 fb32 fb33 fb34 fb35 4.4 4.5 4.7 4.4 3.9
br11 br12 br13 br14 br15 4.2 4.7 4.6 4.4 4.1 4.4 0.3 14.4
tp11 tp12 tp13 13.4 13.7 13.1 12.1 1.8 41.3
tp21 tp22 tp23 13.3 9.4 9.5
tp31 tp32 tp33 12.7 11.8 14.3
tp41 tp42 tp43 9.8 13.3 10.4
zb11 zb12 zb13 zb14 8.0 8.6 8.3 8.0 8.0 1.2 49.9
zb21 zb22 zb23 zb24 10.2 9.6 7.6 6.1
zb31 zb32 zb33 zb34 6.2 7.4 8.3 7.5
za11 za12 za13 za14 za15 8.4 9.2 9.7 9.2 10.9 9.4 1.4 36.7
za21 za22 za23 za24 za25 7.1 9.4 11.2 10.4 10.4
za31 za32 za33 za34 za35 7.1 7.7 10.8 8.7 10.8
ck11 ck12 ck13 14.0 13.2 15.6 13.9 1.2 29.4
ck21 ck22 ck23 14.9 15.2 13.7
ck31 ck32 ck33 13.2 13.3 11.6
Ip11 Ip12 Ip13 Ip14 9.8 9.4 10.0 8.7 9.5 0.6 14.0
mm11 mm12 mm13 17.0 13.2 16.7 13.8 1.9 35.4
mm21 mm22 mm23 13.3 12.7 12.0
mm31 mnn32 mm33 12.1 15.5 14.4
mm41 mm42 mm43 11.9 15.3 12.0
Rm11 Rm12 9.4 10.1 8.6 1.3 46.2
Rm21 Rm22 8.0 9.0
Rm31 Rm32 8.7 9.6
Rm41 Rm42 6.3 7.5
bm11 bm12 bm13 bm14 11.6 12.2 11.9 10.9 11.9 1.5 36.1
bm21 bm22 bm23 bm24 13.4 10.1 10.7 14.6
cn11 cn12 cn13 cn14 8.3 9.6 7.4 7.3 8.5 1.2 47.6
cn21 cn22 cn23 cn24 7.8 9.0 7.8 9.1
cn31 on 32 cn33 cn34 6.4 8.9 10.4 9.9
Table A. 6 Thickness distribution of subject fiba
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.6 3.9 3.7 3.6 4.7 4.3 0.4 32.0
fb21 fb22 fb23 tb24 fb25 4.3 5.0 4.2 4.7 4.1
fb31 fb32 fb33 fb34 fb35 4.2 4.5 4.4 4.2 4.6
br11 br12 br13 br14 br15 4.1 4.2 4.4 4.2 4.4 4.2 0.1 6.8
tp11 tp12 tp13 9.0 13.9 14.7 12.1 2.5 51.5
tp21 tp22 tp23 9.6 13.3 9.3
tp31 tp32 tp33 13.2 15.2 9.4
tp41 tp42 tp43 14.8 9.7 13.0
zb11 zb12 zb13 zb14 5.7 5.1 6.8 6.5 7.0 1.4 57.7
zb21 zb22 zb23 zb24 5.7 6.3 5,6 7.9
zb31 zb32 zb33 zb34 8.6 8.0 9.3 8.3
za11 za12 za13 za14 za15 7.4 7.0 8.7 6.7 7.6 7.6 0.7 30.8
za21 za22 za23 za24 za25 7.1 9.2 7.0 8.9 7.1
za31 za32 za33 za34 za35 7.9 7.9 7.2 7.3 7.2
ck11 ck12 ck13 13.8 16.3 17.6 15.6 1.3 24.7
ck21 ck22 ck23 17.2 14.3 14.4
ck31 Ck32 ck33 15.1 15.9 16.2
Ip11 lpt2 Ip13 Ip14 8.3 9.0 9.8 10.8 9.5 1.1 25.8
mm11 mm12 mm13 12.2 15.3 17.2 15.8 1.7 39.2
mm21 mm22 mm23 16.7 18.2 16.5
mnri31 mm32 mm33 16.5 15.9 17.2
mm41 mm42 mm43 15.8 13.5 14.3
Rm11 Rm12 8.3 7.5 9.4 1.0 34.3
Rm21 Rm22 9.7 10.6
Rm31 Rm32 9.8 10.1
Rm41 Rm42 9.0 10.0
bm11 bm12 bm13 bm14 12.0 9.7 11.2 14.0 11.1 1.7 37.7
bm21 bm22 bm23 bm24 10.0 9.7 9.5 12.7
cn11 cn12 cn13 cn14 10.2 11.2 10.2 10.0 9.6 0.8 29.3
cn21 cn22 cn23 cn24 9.2 9.6 8.9 9.4
cn31 cn32 cn33 cn34 8.9 10.0 9.0 8.4
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Table A. 7 Thickness distribution of subject fmaa
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.9 4.7 4.2 4.2 4.4 4.8 0.7 40.2
fb21 fb22 fb23 fb24 fb25 4.5 4.8 4.1 4.1 4.0
fb31 fb32 fb33 fb34 fb35 5.8 5.8 6.0 5.8 5.3
br11 br12 br13 br14 br15 5.5 4.9 6.2 5.5 5.0 5.4 0.5 22.7
tp11 tp12 tp13 10.5 10.2 9.9 10.6 0.7 23.5
tp21 tp22 tp23 10.6 10.3 11.5
tp31 tp32 tp33 9.9 12.0 11.5
tp41 tp42 tp43 9.5 10.5 10.5
zb11 zb12 zb13 zb14 8.7 7.4 7.5 6.4 7.9 1.2 43.6
zb21 zb22 zb23 zb24 7.5 8.1 6.2 6.5
zb31 zb32 zb33 zb34 8.6 8.8 9.5 9.7
za11 za12 za13 za14 za15 7.8 9.0 8.8 9.1 7.1 8.2 0.7 30.0
za21 za22 za23 za24 za25 8.3 8.3 8.1 8.5 7.3
za31 za32 za33 za34 za35 8.4 6.9 9.4 7.5 8.2
ck11 ck12 ck13 11.7 12.5 12.3 12.2 0.8 20.4
ck21 ck22 ck23 11.8 12.3 12.4
ck31 ck32 ck33 11.5 14.1 11.5
Ip11 Ip12 Ip13 ip14 9.9 8.1 10.0 8.9 9.2 0.9 21.8
mm11 mm12 mm13 15.6 12.5 14.3 15.1 1.4 32.2
mm21 mm22 mm23 15.0 15.6 14.5
mm31 mm32 mm33 15.6 16.3 17.2
mm41 mm42 mm43 15.8 16.0 12.4
Rm11 Rm12 8.4 8.6 10.1 1.3 34.5
Rm21 Rm22 11.9 11.2
Rm31 Rm32 10.5 9.3
Rm41 Rm42 11.2 9.9
bm11 bm12 bm13 bm14 12.3 11.2 12.4 9.4 10.6 1.2 27.6
bm21 bm22 bm23 bm24 9.7 10.1 10.1 9.7
cn11 cn12 cn13 cn14 9.6 8.2 7.9 8.6 8.6 0.6 25.3
cn21 cn22 cn23 cn24 9.0 8.6 9.1 8.7
cn31 cn32 cn33 cn34 8.8 8.8 8.1 7.5
Table A. 8 Thickness distribution of subject fmca
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 3.9 4.2 4.4 4.2 4.5 4.7 0.4 30.0
fb21 fb22 fb23 fb24 fb25 4.6 5.0 4.7 4.7 4.6
fb3l fb32 fb33 fb34 fb35 5.2 4.7 5.1 5.1 5.0
br11 br12 br13 br14 br15 5.1 5.6 6.0 4.9 4.3 5.2 0.7 33.1
tp11 tp12 tp13 9.5 12.8 9.8 10.4 1.5 41.1
tp21 tp22 tp23 10.2 12.0 9.8
tp31 lp32 tp33 8.7 8.5 11.0
tp41 tp42 tp43 10.5 12.5 9.1
zb11 zb12 zb13 zb14 5.4 6.7 6.0 5.8 6.4 0.9 39.5
zb21 zb22 zb23 zb24 6.0 6.0 5.7 5.5
zb31 zb32 zb33 zb34 6.1 7.1 8.1 7.8
za11 za12 za13 za14 zal5 7.2 7.2 7.5 6.3 7.0 7.2 0.7 34.6
za21 za22 za23 za24 za25 8.4 8.9 ■ 7.2 7.6 6.6
za31 za32 za33 za34 za35 7.1 7.3 7.5 6.4 6.3
ck11 ck12 ck13 11.0 12.3 13.9 13.8 2.1 44.3
ck21 ck22 ck23 13.5 12.8 15.2
ck31 ck32 ck33 12.2 17.2 16.4
Ip11 Ip12 ip13 Ip14 7.9 8.0 10.3 9.4 8.9 1.2 26.4
mm11 mm12 mm13 12.9 15.6 15.0 15.7 1.4 32.7
mm21 mm22 mm23 17.1 16.2 17.8
mm31 mm32 mm33 15.3 14.9 17.9
mm41 mm42 mm43 14.3 15.9 15.1
Rm11 Rm12 7.4 6.7 7.6 1.0 37.8
Rm21 Rm22 7.3 6.6
Rm31 Rm32 9.7 8.7
Rm41 Rm42 7.1 7.4
bm11 bm12 bm13 bm14 9.7 9.7 9.2 11.1 10.3 1.4 38.4
bm21 bm22 bm23 bm24 8.6 10.1 12.6 11.8
cn11 cn12 cn13 cn14 10.5 11.4 8.8 10.4 10.0 1.0 26.5
cn21 cn22 cn23 cn24 10.1 11.2 8.9 11.1
cn31 cn32 cn33 cn34 10.3 9.8 8.7 9.0
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Table A. 9 Thickness distribution of subject fpma
Position Mean S.D. Rangefb11 fb12 fbIS fb14 fb15 4.9 5.0 4.5 4.7 4.4 4.9 0.4 26.6fb21 fb22 fb23 fb24 fb25 4.8 4.8 4.9 4.5 4.4fb31 fb32 fb33 fb34 fb35 5.1 5.2 4.9 5.7 5.3br11 br12 br13 br14 br15 5.1 5.4 6.1 5.1 5.7 5.5 0.4 18.7tp11 tp12 tp13 10.7 9,7 7.9 10.6 1.2 47.4tp21 tp22 tp23 11.4 10.4 9.5
tp31 tp32 tp33 10.9 10.2 10.8
tp41 tp42 tp43 11.2 12.9 11.6
zb11 zb12 zb13 zb14 7.0 9.2 8.9 7.6 8.5 1.7 69.0zb21 zb22 zb23 zb24 5.7 9.7 7.6 8.4zb31 zb32 zb33 zb34 7.1 10.7 11,7 8.8za11 za12 za13 za14 za15 7.4 6.3 7.7 6.6 8.7 7.4 0.9 43.9za21 za22 za23 za24 za25 6.8 9.8 6.8 7.2 7.4za31 za32 za33 za34 za35 7.7 8.0 6.6 6.6 7.3
ck11 ck12 ck13 16.2 13.2 14.7 16.3 1.9 35.5ck21 ck22 ck23 18.9 15.9 16.5
ck31 ck32 Ck33 15.2 18.9 17.0
Ip11 ip12 Ip13 Ipl4 8.8 8.0 8.3 9.6 8.7 0.7 18.7
mm11 mm12 mm13 15.0 17.0 16.3 16.6 1.3 28.1mm21 mm22 mm23 17.5 15.7 17.6
mm31 mm32 mm33 18.7 16.6 17.3
mm41 mm42 mm43 14.1 17.9 16.1
Rm11 Rm12 7.2 8.9 8.3 0.8 24.4Rm21 Rm22 8.1 7.3
Rm31 Rm32 9.2 8.9
Rm41 Rm42 7.9 8.9
bm11 bm12 bm13 bm14 10.9 10.4 13.2 14.4 11.9 1.5 32.3bm21 bm22 bm23 bm24 10.6 12.8 12.4 10.6cn11 cn12 cn13 cn14 9.1 9.8 10.1 9.1 9.5 0.6 24.9cn21 cn22 cn23 cn24 9.7 9.7 8.8 10.4
cn31 cn32 cn33 cn34 9.4 9.8 8.1 9.9
Table A. 10 Thickness distribution of subject frpa
Position Mean S.D. Rangefb ll fb12 fb13 fb14 fb15 4.0 3.7 3.8 4.4 4.1 4.1 0.4 33.0fb21 fb22 fb23 fb24 fb25 4.1 4.2 4.0 3.7 4.0
fb31 fb32 fb33 fb34 fb35 5.2 4.5 4.1 4.2 3.7
b ril br12 br13 br14 br15 4.3 4.1 4.6 4.0 4.1 4.2 0.2 12.9tp11 tp12 tp13 7.9 8.2 7.7 8.7 1.4 47.3tp21 tp22 tp23 7.5 7.3 9.2
tp31 tp32 tp33 6.8 9.8 11.1
tp41 tp42 tp43 8.3 11.0 9.0
zb11 Zb12 zb13 zb14 5.3 5.1 5.6 6.0 6.5 1.0 44.6zb21 zb22 zb23 zb24 6.4 7.1 6.3 6.1
zb31 zb32 zb33 zb34 8.1 7.8 7.4 6.8
za11 za12 za13 za14 zal5 9.1 7.2 7.1 7.6 9.8 7.7 0.9 38.4za21 za22 za23 za24 za25 7.4 7.9 6.7 8.9 6.7
za31 za32 za33 za34 za35 7.0 7.9 7.1 7.9 7.9
ck ll ck12 ck13 13.0 11.1 13.5 12.5 1.1 20.9ck21 ck22 Ck23 11.3 11.7 12.9
ck31 ck32 ck33 11.5 13.7 13.6
Ipll Ip12 Ip13 ip14 10.7 9.1 8.3 10.6 9.7 1.2 25.9mm11 mm12 mm13 14.9 14.2 12.7 15.2 1.2 27.8mm21 mm22 mm23 16.0 15.8 15.0
mm31 mm32 mm33 16.5 16.8 14.7
mm41 mm42 mm43 14.4 15.1 16.4
R m ll Rm12 7.2 7.0 8.0 1.0 34.5Rm21 Rm22 7.9 7.1
Rm31 Rm32 8.0 7.8
Rm41 Rm42 9.2 10.0
bm ll bm12 bm13 bm14 9.0 9.0 11.8 9.0 9.7 1.2 31.4bm21 bm22 bm23 bm24 11.2 9.3 9.8 8.6
c n il cn12 cn13 cn14 9.5 10.0 9.8 9.2 8.9 0.8 25.1cn21 cn22 cn23 cn24 8.8 7.7 8.1 8.2
cn31 cn32 cn33 cn34 9.8 9.7 7.9 8.1
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Thickness distribution of subject mada
fb11 fb12 fb13 fb14 fb15 4.6 4.9 4.5 4.5 4.3 4.5 0.3 24.6
fb21 fb22 fb23 fb24 fb25 4.3 4.4 4.0 4.1 3.9
fb31 fb32 fb33 fb34 fb35 4.5 5.0 4.2 4.3 4.9
br11 br12 br13 br14 br15 5.4 5.5 5.4 4.5 4.7 5.1 0.5 20.1
tp11 tp12 tp13 9.9 10.4 10.9 9.2 1.3 46.9
tp21 tp22 tp23 10.0 9.9 9.4
tp31 tp32 tp33 7.4 6.7 8.2
tp4l tp42 tp43 8.5 8.8 10.5
z b ll zbl2 zb13 zb14 6.9 6.4 6.1 8.2 7.1 1.0 50.3
zb21 zb22 zb23 zb24 5.5 7.6 6.3 7.0
zb31 zb32 zb33 zb34 6.3 7.3 9.3 7.9
za11 za12 za13 za14 za15 6.0 6.4 6.9 6.4 5.6 6.6 0.8 37.6
za21 za22 za23 za24 za25 8.6 6.4 5.9 6.5 6.4
za31 za32 za33 za34 za35 6.3 6.4 6.2 6.6 8.3
ck11 ckl2 ck13 13.7 14.2 13.3 15.3 1.8 33.4
ck21 ck22 ck23 14.2 18.6 16.7
ck31 Ck32 ck33 16.6 15.9 14.4
(p11 Ip12 Ip13 Ip14 8.9 7.7 8.9 10.3 8.9 1.1 29.2
mm11 mm12 mm13 14.6 16.7 16.9 16.6 1.1 19.3
mm21 mm22 mm23 17.3 15.3 17.1
mm31 mm32 mm33 17.5 17.4 17.6
mm41 mm42 mm43 17.7 15.1 15.9
Rm11 Rm12 6.5 6.9 7.0 0.6 23.4
Rm21 Rm22 7.3 7.8
Rm31 Rm32 6.6 6.6
Rm33 Rm34 8.2 6.4
bm11 bm12 bm13 bm14 15.8 10.6 12.2 11.3 13.6 2.0 39.7
bm21 bm22 bm23 bm24 14.5 14.0 15.8 14.9
cn11 cn12 cn13 cn14 12,2 12.0 14.1 13.2 12.4 1.1 24.0
cn21 cn22 cn23 cn24 12.5 11.9 14.0 11.2
cn31 cn32 cn33 cn34 12.5 11.1 11.3 13.6
Table A. 12 Thickness distribution of subject mara
Position Mean S.D. Range
fb ll fb12 fb13 fb14 fb15 3.9 4.0 5.0 4.4 4.4 4.6 0.4 28.1
fb21 fb22 fb23 fb24 fb25 4.7 4.6 4.7 4.3 4.7
fl)3l fb32 fb33 fb34 fb35 5.1 4.6 5.1 5.2 4.8
b ril br12 br13 br14 br15 5.1 4.9 5.5 5.5 4.5 5.1 0.4 18.9
tp il tpi 2 tpi 3 13.0 10.6 11.2 10.5 1.0 32.3
tp21 tp22 tp23 10.4 9.4 9.9
tp31 tp32 tp33 9.6 9.7 9.6
tp41 tp42 tp43 11.2 11.2 10.7
z b ll Zb12 zb13 zb14 5.0 6.1 6.5 5.2 5.8 0.6 30.6
zb21 zb22 zb23 zb24 5.3 6.8 6.2 5.3
zb31 zb32 zb33 zb34 5.3 5.6 5.6 6.4
z a ll za12 za13 za14 za15 10.2 7.8 7.1 10.0 7.4 8.0 1.0 34.9
za21 za22 za23 za24 za25 9.4 7.5 7.5 7.3 8.5
za31 za32 za33 za34 za35 7.9 7.7 7.5 7.0 7.5
ck ll ck12 ck13 13.8 14.7 15.3 15.5 2.2 45.9
ck21 ck22 ck23 17.2 11.0 15.7
ck31 ck32 ck33 17.5 17.4 17.1
Ipll Ip12 Ip13 ip14 10.1 8.6 8.3 10.1 9.3 0.9 19.7
m m ll mm12 mm13 15.2 17.2 16.2 16.4 1.8 37.6
mm21 mm22 mm23 13.1 13.9 16.1
mm31 mm32 mm33 17.0 16.6 19.2
mm41 mm42 mm43 15.5 18.1 18.6
R m ll Rm12 7.2 8.2 7.3 0.5 21.7
Rm21 Rm22 7.3 7.1
Rm31 Rm32 7.0 7.6
Rm41 Rm42 6.6 7.3
bm ll bml2 bm13 bm14 11.4 12.9 13.7 10.2 11.8 1.7 34.6
bm21 bm22 bm23 bm24 10.0 9.7 13.8 12.5
cn il cn12 cn13 cn14 9.5 10.3 8.2 8.4 8.4 1.1 37.6
cn21 cn22 cn23 cn24 9.6 7.3 7.9 7.4
cn31 cn32 cn33 cn34 9.5 7.5 7.6 7.0
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Table A. 13
Appendix A Thickness Distribution within Zones
Thickness distribution of subject mawa
fb11 fb12 fb13 fb14 fb15 4.0 3.9 4.1 3.9 4.5 4.5 0.5 32.2
fb21 fb22 fb23 fb24 fb25 4.5 5.4 5.3 4.0 4.2
fb31 fb32 fb33 fb34 fb35 4.8 5.0 4.6 4.6 4.3
b ril br12 br13 br14 br15 4.5 5.5 5.1 5.4 4.0 4.9 0.6 31.6
tp ll tp12 tp13 10.7 9.4 9.9 10.0 0.5 15.8
tp21 tp22 tp23 10.3 9.9 9.6
tp31 tp32 tp33 10.3 9.5 10.3
tp41 tp42 tp43 9.7 9.6 11.0
zb11 zb12 zb13 zb14 4.7 4.6 4.7 5.2 5.7 1.0 45.4
zb21 zb22 zb23 zb24 6.3 4,9 6.6 5.3
zb31 zb32 zb33 zb34 7.2 7.4 5.3 5.5
z a ll za12 za13 za14 za15 7.1 9.3 9.2 8.8 7.9 7.6 0.9 35.9
za21 za22 za23 za24 za25 8.0 6.9 6.4 6.8 7.9
za31 za32 za33 za34 za35 7.6 7.1 6.7 6.6 8.2
ck11 ck12 ck13 12.4 12.4 12.1 11.8 1.6 37.2
ck21 Ck22 ck23 13.3 10.0 9.3
ck31 ck32 ck33 13.2 13.5 10.0
ip ll Ip12 Ip13 ip14 11.8 10.3 10.8 8.6 10.3 1.3 31.7
m m ll mm12 mm13 14.8 13.8 14.0 14.5 0.9 21.3
mm21 mm22 mm23 14.4 14.3 15.7
mm31 mm32 mm33 15.6 15.1 14.9
mm41 mm42 mm43 14.5 13.7 12.7
R m ll Rm12 9.7 7.9 9.6 1.5 41.7
Rm21 Rm22 10.2 8.0
Rm31 Rm32 10.7 8.3
Rm41 Rm42 12.0 10.4
bm11 bm12 bm13 bm14 9.9 9.3 8.3 10.4 8.9 0.9 26.4
bm21 bm22 bm23 bm24 8.6 8.4 8.0 8.3
c n il cn12 cn13 cn14 12.0 10.6 9.7 9.6 10.1 0.9 25.6
cn21 cn22 cn23 cn24 11.5 10.7 9.7 9.6
cn31 cn32 cn33 cn34 9.3 10.0 9.4 10.1
Tabie A. 14 Thickness distribution of subject maza
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.6 5.1 4.8 4.1 5.8 5.2 0.6 37.6
fb21 fb22 fb23 fb24 fb25 5.4 5.9 5.2 4.7 5.2
fb31 fb32 fb33 fb34 fb35 5.7 6.0 5.3 5.6 4.7
b ril br12 br13 br14 br15 5.1 6.3 6.1 6.4 4.7 5.8 0.8 30.6
tp ll tp12 tp13 11.1 10.8 9.9 11.4 1.4 36.6
tp21 tp22 tp23 12.9 10.6 11.0
tp31 tp32 tp33 9.7 11.6 13.1
tp41 tp42 tp43 14.0 10.2 12.2
z b ll zb12 zb13 zb14 5.4 5.6 8.3 5.5 6.4 0.9 41.1
zb21 zb22 zb23 zb24 5.8 6.6 6.0 6.0
zb31 zb32 zb33 zb34 7.3 7.2 6.1 7.3
z a ll za12 za13 za14 za15 9.4 9.1 10.0 8.5 9.0 8.1 1.2 35.7
za21 za22 za23 za24 za25 10.5 7.4 7.5 7.1 6.9
za31 za32 za33 za34 za35 6.9 7.4 7.4 7.4 7.3
ck ll ck12 ck13 20.1 20.1 20.9 20.1 1.1 16.4
ck21 ck22 ck23 18.9 21.1 18.0
ck31 ck32 ck33 19.5 20.6 21.2
Ipll Ip12 Ip13 ip14 10.8 10.1 9.2 8.4 9.6 1.1 25.3
m m ll mm12 mm13 21.0 21.3 21.5 20.3 1.3 20.5
mm21 mm22 mm23 21.6 21.4 18.2
mm31 mm32 mm33 20.9 19.6 19.7
mm41 mm42 mm43 20.1 20.0 17.6
R m ll Rm12 7.2 8.4 7.8 0.7 23.6
Rm21 Rm22 7.3 7.4
Rm31 Rm32 8.3 9.1
Rm41 Rm42 7.2 7.7
bm ll bm12 bm13 bm14 11.5 11.1 12.9 11.1 10.7 1.2 32.7
bm21 bm22 bm23 bm24 9.3 10.5 9.6 10.2
c n il cn12 cn13 cn14 11.9 11.0 11.6 11.9 11.2 1.0 27.2
cn21 cn22 cn23 cn24 11.8 11.9 9.3 11.3
cn31 cn32 cn33 cn34 12.0 12.2 9.3 10.6
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Table A. 15 Thickness distribution of subject mcca
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.1 4.5 4.6 4.1 4.6 4.7 0.5 34.3
fb21 fb22 fb23 fb24 fb25 4.1 4.5 4.6 4.7 5.7
fb31 fb32 fb33 fb34 fb35 4.9 4.3 4.9 4.5 5.8
b ril br12 br13 br14 br15 4.8 5.4 4.5 4.7 5.1 4.9 0.4 18.3
tp11 tp12 tp13 8.1 8.2 9.8 9.8 1.3 41.6
tp21 tp22 . tp23 9.5 12.3 9.1
tp31 tp32 tp33 9.2 10.5 10.1
tp41 tp42 tp43 8.6 10.9 11.5
zb ll zb12 zb13 zb14 5.3 5.6 5.1 5.8 5.9 0.6 30.0
zb21 zb22 zb23 zb24 5.5 5.6 5.7 6.9
zb31 zb32 zb33 zb34 6.5 5.3 6.5 6.2
za11 za12 za13 za14 za15 6.4 7.7 7.3 7.7 8.2 7.1 0.6 28.1
za21 za22 za23 za24 za25 7.6 6.7 6.8 6.4 7.2
za31 za32 za33 za34 za35 6.3 6.9 6.1 7.3 8.0
ck ll ck12 ck13 14.1 13.1 13.7 14.0 1.2 31.8
ck21 ck22 ck23 14.3 14.7 14.6
ck31 ck32 ck33 14.3 15.8 11.5
Ip11 Ip12 Ip13 Ip14 10.7 10.1 9.3 11.0 10.2 0.8 16.9
m m ll mm12 mm13 15.7 12.4 15.7 14.8 1.5 35.4
mm21 mm22 mm23 15.2 13.2 13.6
mm31 mm32 mm33 16.2 15.4 13.6
mm41 mm42 mm43 17.7 13.5 14.9
R m ll Rm12 9.0 7.3 8.7 1.2 36.7
Rm21 Rm22 10.0 6.9
Rm31 Rm32 10.1 8.6
Rm41 Rm42 9.9 8.1
bm11 bm12 bm13 bm14 13.8 12.0 10.9 12.0 11.7 1.5 32.3
bm21 bm22 bm23 bm24 10.0 11.1 13.8 10.2
c n il cn12 cn13 cn14 12.6 10.5 11.1 11.7 11.4 1.0 29.9
cn21 cn22 cn23 cn24 11.8 10.5 11.5 13.2
cn31 cn32 cn33 cn34 10.9 12.5 11.2 9.8
Table A. 16 Thickness distribution of subject mdea
Position Mean S.D. Range
fb ll fb12 fb13 fb14 fb15 5.1 5.0 4.9 4.0 5.0 4.6 0.4 29.3
fb21 fb22 fb23 fb24 fb25 4.3 4.7 5.1 4.1 3.8
fb31 fb32 fb33 fb34 fb35 4.7 4.4 4.0 4.3 4.6
br11 br12 br13 br14 br15 6.0 4.0 4.8 5.7 5.1 5.2 0.8 39.9
tp11 tp12 tp13 6.7 6.6 6.7 9.3 1.9 58.9
tp21 tp22 tp23 8.7 9.5 9.8
tp31 tp32 tp33 11.9 11.3 10.4
tp41 tp42 tp43 12.2 9.5 8.8
z b ll zb12 zb13 zb14 5.4 5.6 5.4 6.0 6.1 0.9 38.2
zb21 zb22 zb23 zb24 7.4 5.6 7.7 6.1
zb31 zb32 zb33 zb34 5.3 5.5 7.9 5.6
z a ll za12 za13 za14 za15 9.3 8.0 8.2 12.1 9.8 8.7 1.2 51.3
za21 za22 za23 za24 za25 9.0 8.0 8.7 9.6 8.0
za31 za32 za33 za34 za35 7.2 7.2 8.7 8.2 8.5
ck ll ck12 ck13 11.0 11.2 9.5 11.4 1.6 40.7
ck21 ck22 ck23 9.9 9.8 14.3
ck31 ck32 ck33 12.0 12.9 12.3
ip11 ip12 Ip13 Ip14 12.4 10.7 12.4 10.5 11.5 1.0 16.7
m m ll mm12 mm13 11.3 13.2 11.9 11.9 1.0 26.9
mm21 mm22 mm23 11.9 12.4 10.7
mm31 mm32 mm33 12.0 14.0 12.2
mm41 mm42 mm43 12.2 10.7 11.0
Rm11 Rm12 6.6 5.7 6.5 0.7 29.8
Rm21 Rm22 6.7 6.0
Rm31 Rm32 7.8 6.2
Rm41 Rm42 6.9 5.8
bm ll bm12 bm13 bm14 9.9 8.3 9.8 10.4 9.9 0.8 26.5
bm21 bm22 bm23 bm24 10.0 10.6 10.8 9.4
c n il cn12 cn13 cn14 10.8 9.2 11.4 10.9 12.2 1.5 43.1
cn21 cn22 cn23 cn24 12.0 14.2 13.9 12.7
cn31 cn32 cn33 cn34 13.8 13.6 12.4 11.3
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Table A. 17
Appendix A Thickness Distribution within Zones
Thickness distribution of subject mhia
fb ll fb12 fb13 fb14 fb15 4.2 4.1 3.7 3.8 3.9 4.5 0.6 37.3
fb21 fb22 fb23 fb24 fb25 4.3 4.5 5.1 4.4 4.2
fb31 fb32 fb33 fb34 fb35 5.2 5.4 5.1 5.1 5.2
b ril br12 br13 br14 br15 5.5 4.8 5.3 6.0 5.1 5.3 0.4 21.7
tp ll tpi 2 tpi 3 9.4 10.9 11.2 10.8 0.9 25.3
tp21 tp22 tp23 10.6 10.0 12.1
tp31 tp32 tp33 9.8 12.0 9.7
tp41 tp42 tp43 11.3 11.2 11.6
z b ll zb12 zb13 zb14 6.0 7.1 6.5 6.0 6.8 0.8 38.2
zb21 zb22 zb23 zb24 6.6 6.4 6.5 6.5
zb31 zb32 zb33 zb34 7.3 8.8 6.7 7.7
z a ll za12 za13 za14 za15 7.5 7.3 8.3 9.7 7.1 8.0 1.0 33.3
za21 za22 za23 za24 za25 7.1 7.0 9.1 8.1 7.3
za31 za32 za33 za34 za35 7.4 9.6 8.2 8.8 7.0
ck ll ck12 ck13 15.0 14.5 14.9 15.9 1.1 19.3
ck21 ck22 ck23 16.1 17.2 16.3
ck31 ck32 ck33 15.2 17.6 16.7
Ipll Ip12 Ip13 Ip14 9.4 11.0 9.6 8.9 9.7 0.9 21.3
m m ll mm12 mm13 14.2 13.3 15.5 15.8 1.5 26.4
mm21 mm22 mm23 17.1 15.2 17.1
mm31 mm32 mm33 15.8 16.7 17.3
mm41 mm42 mm43 17.1 17.1 13.7
Rm11 Rm12 7.2 7.2 8.1 0.9 29.3
Rm21 Rm22 7.9 8.1
Rm31 Rm32 7.9 9.7
Rm41 Rm42 7.7 9.2
bm ll bm12 bm13 bm14 10.0 11.5 12.1 13.4 11.9 1.6 40.9
bm21 bm22 bm23 bm24 11.1 10.9 11.6 15.1
c n il cn12 cn13 cn14 9.7 10.5 10.2 10.1 9.6 0.7 24.4
cn21 cn22 cn23 cn24 9.2 9.9 9.1 9.9
cn31 cn32 cn33 cn34 10.3 8.2 9.7 8.6
Table A. 18 Thickness distribution of subject mima
Position Mean S.D. Range
fb ll fb12 fb13 fb14 fb15 4.6 4.8 4.8 4.3 4.7 4.6 0.3 19.7
fb21 fb22 fb23 fb24 fb25 4.6 4.6 4.7 4.1 4.2
fb31 fb32 fb33 fb34 fb35 5.0 4.9 4.4 4.2 4.5
br11 br12 br13 br14 br15 5.5 5.2 5.3 5.4 5.1 5.3 0.2 7.7
tp11 tp12 tp13 8.2 11.3 9.9 10.3 1.5 47.9
tp21 tp22 tp23 10.8 11.2 10.6
tp31 tp32 tp33 9.3 13.3 11.7
tp41 tp42 tp43 10.2 8.8 8.7
z b ll zb12 zb13 zb14 9.9 7.2 9.1 7.5 8.3 1.1 36.2
zb21 zb22 zb23 zb24 8.9 7.2 7.4 6.8
zb31 zb32 zb33 zb34 8.5 9.9 9.7 7.8
z a ll za12 za13 za l4 za15 8.9 10.5 8.8 10.6 11.0 9.5 0.8 22.4
za21 za22 za23 za24 za25 9.8 10.6 8.9 9.2 9.6
za31 za32 za33 za34 za35 8.4 9.1 8.9 9.0 10.1
ck11 ck12 ck13 12.2 12.8 13.2 15.1 2.2 37.5
ck21 ck22 ck23 15.5 17.4 14.0
ck31 ck32 ci<33 17.8 17.2 16.2
Ipll ip12 Ip13 Ip14 8.3 10.2 10.4 9.8 9.6 1.0 22.8mm11 mm12 mm13 12.4 14.8 16.5 16.0 1.4 34.9
mm21 mm22 mm23 15.6 17.1 16.9
mm31 mm32 mm33 16.0 17.6 16.0
mm41 mm42 mm43 15.5 16.5 17.4
R m ll Rm12 12.3 9.0 10.2 1.4 32.4
Rm21 Rm22 10.8 9.2
Rm31 Rm32 10.9 8.9
Rm41 Rm42 11.8 9.3
bm11 bm12 bm13 bm14 13.0 16.0 14.2 16.6 13.9 2.1 40.0
bm21 bm22 bm23 bm24 13.9 15.2 11.2 11.1
c n il cnl2 cn13 cn14 11.3 10.1 8.4 8.9 10.0 1.3 36.5
cn21 cn22 cn23 cn24 12.1 11.6 9.8 9.3
cn31 cn32 cn33 cn34 11.4 8.5 9.4 10.1
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Table A. 19 Thickness distribution of subject mjha
Position Mean S.D. Range
fb ll fb12 fb13 fb14 fb15 5.0 5.1 4.6 4.6 4.5 4.9 0.3 18.4
fb21 fb22 fb23 fb24 fb25 4.7 4.9 5.1 5.3 5.2
fb31 fb32 fb33 fb34 fb35 4.9 4.7 5.1 5.2 5.4
b ril br12 br13 br14 br15 5.3 5.5 4.6 5.1 5.7 5.2 0.4 21.9
tp ll tp12 tp13 9.9 10.1 11.4 11.6 1.7 45.2
tp21 tp22 tp23 10.9 10.3 15.6
tp31 tp32 tp33 13.4 11.8 11.1
tp41 tp42 tp43 13.1 11.2 10.2
z b ll zb12 zb13 zb14 6.5 5.8 6.2 5.4 7.6 1.4 56.3
zb21 zb22 zb23 zb24 8.2 8.0 7.0 8.1
zb31 zb32 zb33 zb34 7.9 9.2 9.7 9.1
za11 za12 za13 za14 za15 9.7 9.7 9.0 9.9 8.5 9.2 1.3 50.6
za21 za22 za23 za24 za25 9.4 10.7 7.0 9.1 10.5
za31 za32 za33 za34 za35 9.0 8.0 11.7 7.2 8.3
ck ll ck12 ck13 11.9 12.8 12.3 12.6 0.7 19.3
ck21 ck22 ck23 11.6 12.6 12.8
ck31 ck32 ck33 12.3 14.1 12.6
Ipll Ip12 Ip13 Ip14 8.6 10.3 9.0 8.2 9.1 0.9 22.4
m m ll mm12 mm13 14.5 16.6 15.6 15.0 1.2 30.7
mm21 mm22 mm23 12.1 15.9 14.7
mm31 mm32 mm33 15.0 15.1 16.2
mm41 mm42 mm43 15.0 15.5 14.1
R m ll Rm12 9.0 7.5 9.5 1.8 53.6
Rm21 Rm22 10.3 7.4
Rm31 Rm32 12.9 9.2
Rm4l Rm42 10.6 9.2
bm ll bm12 bm13 bm14 10.3 14.4 9.7 13.0 12.0 1.9 40.0
bm21 bm22 bm23 bm24 11.3 12.8 10.1 14.6
cn il cn12 cn13 cn14 8.9 11.0 10.5 9.5 9.6 0.9 28.2
cn21 cn22 cn23 cn24 10.7 9.8 9.2 10.2
cn31 cn32 cn33 cn34 10.1 9.5 8.3 8.3
Table A. 20 Thickness distribution of subject mjpa
Position Mean S.D. Range
fb ll fb12 fb13 fb14 fb15 4.9 5.0 4.6 4.8 4.5 4.8 0.3 25.2
fb21 fb22 fb23 fb24 fb25 5.2 5.7 4.9 4.5 4.5
fb31 fb32 fb33 fb34 fb35 5.1 4.8 4.8 4.4 4.6
b ril br12 br13 br14 br15 5.0 4.5 4.6 4.1 4.0 4.4 0.4 23.3
tp ll tp12 tp13 11.3 14.6 12.7 13.0 1.8 40.2
tp21 tp22 tp23 15.1 10.5 13.4
tp31 tp32 tp33 14.8 14.5 14.4
tp41 tp42 tp43 11.0 10.1 13.6
z b ll Zb12 zb13 zb14 6.8 7.6 6.4 5.4 7.1 1.5 59.1
zb21 zb22 zb23 zb24 5.4 6.6 5.7 6.3
zb31 zb32 zb33 zb34 8.5 7.9 9.9 9.1
z a ll za12 za13 za14 za15 7.3 7.6 7.6 8.0 8.5 7.7 1.0 39.5
za21 za22 za23 za24 za25 8.1 9.5 9.2 8.2 8.2
za31 za32 za33 za34 za35 6.4 7.2 6.4 6.3 6.5
ck ll ck12 ck13 12.6 15.9 16.4 15.7 1.9 38.5
ck21 ck22 ck23 13.4 17.2 18.5
ck31 ck32 ck33 15.3 17.1 15.0
ip ll Ip12 Ip13 Ip14 8.9 8.4 8.1 8.3 8.4 0.3 8.8
mm11 mm12 mm13 16.8 15.4 16.7 17.2 1.4 23.6
mm21 mm22 mm23 17.5 15.2 18.9
mm31 mm32 mm33 17.8 17.3 17.3
mm41 mm42 mm43 19.0 19.3 15.8
R m ll Rm12 7.1 8.2 8.0 0.6 23.5
Rm21 Rm22 8.0 8.9
Rm31 Rm32 7.7 8.1
Rm41 Rm42 7.3 8.3
bm ll bm12 bm13 bm14 10.9 10.4 11.2 13.1 11.1 1.1 29.4
bm21 bm22 bm23 bm24 10.0 10.9 9.7 12.2
c n il cn12 cn13 cn14 10.1 9.5 9.4 9.2 9.8 0.9 33.0
cn21 cn22 cn23 cn24 9.7 10.2 8.2 11.4
cn31 cn32 cn33 cn34 9.8 10.1 11.2 9.2
10
Appendix A Thickness Distribution within Zones
Table A. 21 Thickness distribution of subject mkga
Position Mean S.D. Range
fb ll fb12 fb13 fb14 fb15 5.8 5.2 5.3 4.5 4.6 5.3 0.4 25.9
fb21 fb22 fb23 fb24 fb25 5.8 5.3 5.3 4.9 5.0
fb31 fb32 fb33 fb34 fb35 5.6 5.8 5.3 5.8 5.4
b ril br12 br13 br14 br15 5.9 6.1 5.7 6.2 4.9 5.8 0.5 22.3
tp ll tp12 tp13 12.1 13.6 10.5 12.4 1.3 35.6
tp21 tp22 tp23 11.2 11.9 15.1
tp31 tp32 tp33 13.0 13.5 13.0
tp41 tp42 tp43 11.6 12.4 11.4
z b ll zb12 zb13 zb14 6.1 8.7 6.9 6.3 7.1 1.0 36.0
Zb21 zb22 zb23 zb24 6.1 6.5 7.1 6.4
zb31 zb32 zb33 zb34 8.8 7.5 8.1 7.4
za11 za12 za13 za14 za15 7.2 8.7 7.2 8.5 9.3 8.5 0.9 29.5
za21 za22 za23 za24 za25 8.7 8.6 9.7 7.5 8.1
za31 za32 za33 za34 za35 9.3 8.9 7.2 9.4 8.8
ck ll ck12 ck13 12.9 14.0 15.9 14.2 0.9 21.1
ck21 ck22 Ck23 14.2 13.3 14.5
ck31 ck32 ck33 13.3 14.5 14.9
ipll Ip12 Ip13 Ip14 8.7 8.8 9.8 10.9 9.5 1.0 22.4
m m ll mm12 mm13 15.6 16.3 18.3 15.7 1.6 32.1
mm21 mm22 mm23 13.2 15.2 17.8
mm31 mm32 mm33 13.8 13.8 15.1
mm41 mm42 mm43 17.0 15.0 16.8
R m ll Rm12 8.4 8.8 9.1 1.3 41.9
Rm21 Rm22 8.7 7.3
Rm31 Rm32 8.0 10.0
Rm41 Rm42 10.2 11.1
bm ll bm12 bm13 bm14 13.1 14.3 10.2 14.0 12.8 1.7 35.2
bm21 bm22 bm23 bm24 13.0 10.2 14.6 12.7
cn11 cn12 cn13 cn14 14.2 13.9 10.1 10.6 11.0 2.0 50.9
cn21 cn22 cn23 cn24 9.9 13.6 10.7 11.9
cn31 cn32 cn33 cn34 8.6 8.4 9.8 10.1
Table A. 22 Thickness distribution of subject mmfa
Position Mean S.D. Range
fb ll fb12 fb13 fb14 fb15 4.2 4.4 4.2 4.4 4.0 4.6 0.3 22.8
fb21 fb22 fb23 fb24 fb25 5.0 5.0 4.8 4.3 4.8
fb31 fb32 fb33 fb34 fb35 4.8 5.1 4.5 4.6 5.0
br11 br12 br13 br14 br15 5.3 4.7 6.4 4.9 5.8 5.4 0.7 30.6
tp11 tp12 tp13 11.7 10.9 9.8 11.2 1.1 29.3
tp21 tp22 tp23 10.4 9.8 11.1
tp31 tp32 tp33 10.6 11.8 12.9
tp41 tp42 tp43 11.2 10.8 13.2
z b ll zb12 zb13 zb14 8.0 6.7 8.3 7.6 7.8 1.0 48.5
zb21 zb22 zb23 zb24 5.4 8.8 7.8 8.8
zb31 zb32 zb33 zb34 8.8 8.4 7.5 7.5
z a ll za12 za13 za14 za15 9.5 9.8 10.7 10.2 9.4 8.7 1.1 40.8
za21 za22 za23 za24 za25 7.6 7.2 7.1 8.8 8.2
za31 za32 za33 za34 za35 8.0 7.9 8.4 9.3 8.9
ck ll ck12 ck13 11.0 13.1 17.5 15.3 2.1 45.2
ck21 ck22 ck23 14.5 15.0 16.3
ck31 ck32 ck33 16.6 16.4 17.4
Ipll Ip12 Ipl3 Ip14 10.3 10.2 9.8 9.6 10.0 0.3 7.0
m m ll mm12 mm13 14.1 15.2 15.9 15.7 1.8 40.6
mm21 mm22 mm23 14.6 15.5 17.6
mm31 mm32 mm33 16.8 14.4 18.4
mm41 mm42 mm43 12.2 16.3 17.7
R m ll Rm12 8.2 7.8 8.0 0.7 24.8
Rm21 Rm22 7.7 8.1
Rm31 Rm32 7.4 8.6
Rm41 Rm42 7.1 9.1
bm ll bm12 bm13 bm14 9.5 9.3 10.0 11.0 9.8 0.5 16.3
bm21 bm22 bm23 bm24 9.7 9.9 9.6 9.7
cn il cn12 cn13 cn14 9.9 9.3 8.7 8.4 9.4 1.1 35.8
cn21 cn22 cn23 cn24 9.7 10.3 9.5 7.8
cnSI cn32 cn33 cn34 11.0 11.1 8.8 7.7
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Table A. 23 Thickness distribution of subject mmma
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.2 4.3 4.3 4.4 3.9 4.5 0.3 28.7
fb21 fb22 fb23 fb24 fb25 4.1 4.7 4.3 4.3 4.5
fb31 fb32 fb33 fb34 fb35 4.7 5.2 4.8 4.6 4.8
b ril br12 br13 br14 br15 4.9 5.2 4.8 5.6 4.5 5.0 0.4 21.1
tp11 tp12 tp13 13.4 12.7 9.5 12.3 2.0 45.2
tp21 tp22 tp23 14.9 9.8 10.2
tp31 tp32 tp33 15.0 11.4 11.1
tp41 tp42 tp43 11.4 13.5 14.5
zb11 zb12 zb13 zb14 5.5 6.6 5.4 5.6 6.4 1.0 42.2
zb21 zb22 zb23 zb24 7.8 7.1 5.4 5.4
zb31 zb32 zb33 zb34 6.5 6.9 8.2 6.4
za11 za12 za l3 za14 za15 8.8 7.5 8.8 7.8 7.2 8.9 1.3 45.8
za21 za22 za23 za24 za25 8.3 9.9 10.2 10.8 9.6
za31 za32 za33 za34 za35 7.0 9.6 8.2 11.4 9.0
ck11 ck12 ck13 16.0 14.3 16.8 15.8 1.1 17.7
ck21 ck22 ck23 15.7 16,3 14.2
ck31 ck32 ck33 17.0 15.3 16.9
Ip11 Ip12 ip13 Ip14 11.0 9.7 9.5 8.8 9.7 0.9 22.2
mm11 mm12 mm13 11.9 16.5 17.6 16.1 1.7 39.5
mm21 mm22 mm23 17.1 16.9 15.6
mm31 mm32 mm33 13.7 16.4 17.8
mm41 mm42 mm43 15.6 17.4 16.9
Rm11 Rm12 9.0 9.8 9.8 0.7 17.8
Rm21 Rm22 9.6 10.6
Rm31 Rm32 9.0 10.8
Rm41 Rm42 10.4 9.0
bm11 bm12 bm13 bm14 10.4 10.5 10.1 14.2 12.1 1.8 37.6
bm21 bm22 bm23 bm24 11.1 14.8 13.3 12.1
cn11 cn12 cn13 cn14 10.2 10.5 10.7 9.5 10,2 0.5 15.9
cn21 cn22 cn23 cn24 10.6 9.9 10.6 9.6
cn3l cn32 cn33 cn34 9.9 9.5 9.9 11.1
Table A. 24 Thickness distribution of subject moha
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 5.0 5.0 5.4 5.3 5.2 5.0 0.4 27.8
fb21 fb22 fb23 fb24 fb25 4.8 4.8 5.4 5.0 5.3
fb31 fb32 fb33 fb34 fb35 5.6 5.4 4.7 4.3 4.2
br11 br12 br13 br14 br15 5.5 4.2 4.2 5.4 4.5 4.8 0.6 26.3
tp11 tp12 tp13 10.6 12.6 14.0 13.2 1.6 39.0
tp21 tp22 tp23 12.2 13.3 14.8
tp31 tp32 tp33 13.3 15.6 10.8
tp41 tp42 tp43 15.7 12.3 13.3
zb11 zb12 zb13 zb14 6.8 8.5 7.2 6.4 8.1 1.1 41.6
zb21 zb22 zb23 zb24 7.4 8.1 8.1 8.8
zb31 zb32 Zb33 zb34 7.6 9.2 9.8 9.3
za11 za12 za13 za14 za15 7.9 6.7 8.0 8.8 11.5 9.8 1.6 54.8
za21 za22 za23 za24 za25 10.9 8.5 11.3 11.2 10.0
za31 za32 za33 za34 za35 10.3 11.1 9.0 11.7 10.5
ck11 ck12 ck13 13.1 15.9 17.2 14.8 2.4 47.1
ck21 ck22 ck23 13.0 17.6 17.4
ck31 ck32 ck33 10.9 12.7 15.0
Ip11 Ip12 Ip13 Ip14 8.8 11.8 10.0 9.1 9.9 1.3 28.7
mm11 mm12 mm13 12.5 15.9 15.8 15.9 1.5 33.6
mm21 mm22 mm23 17.5 15.1 17.2
mm31 mm32 mm33 17.0 17.3 14.8
mm41 mm42 mm43 14.6 16.7 16.4
Rm11 Rm12 11.2 9.6 10.4 1.4 33.5
Rm21 Rm22 11.2 11.8
Rm31 Rm32 9.6 8.8
Rm41 Rm42 12.1 8.6
bm11 bm12 bm13 bm14 10.1 13.0 15.2 15.0 13.9 1.7 40.5
bm21 bm22 bm23 bm24 14.2 13.9 14.9 15.2
cn11 cn12 cn13 cn14 12.3 , 12.7 11.6 9.7 10.4 1.4 45.8
cn21 cn22 cn23 cn24 10.0 9.9 9.9 10.6
cn31 cn32 cn33 cn34 10.3 8.0 8.9 11.4
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Table A. 25 Thickness distribution of subject mpha
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.6 4.7 4.6 4.1 4.1 4.9 0.6 41.0
fb21 fb22 fb23 fb24 fb25 4.3 4.8 5.0 4.3 4.6
fb31 fb32 fb33 fb34 fb35 4.8 5.5 5.6 6.2 5.7
br11 br12 br13 br14 br15 4.8 5.5 6.5 5.3 6.3 5.7 0.7 29.1
tp11 tp12 tp13 14.7 11.2 10.0 14.0 2.4 51.9
tp21 tp22 tp23 15.7 14.5 10.3
tp31 lp32 tp33 15.2 14.6 13.3
tp41 tp42 tp43 16.4 17.0 15.6
zb11 zb12 zb13 zb14 5.6 6.6 7.4 6.7 7.6 1.2 55.0
zb21 zb22 zb23 zb24 8.7 8.4 6.9 7.8
zb31 zb32 zb33 zb34 9.9 7.2 6.6 9.0
za11 za12 za13 za14 za15 8.1 6.8 9.9 10.7 7.3 9.2 1.7 52.3
za21 za22 za23 za24 za25 7.0 8.9 7.7 8.0 8.5
za31 za32 za33 za34 za35 11.4 11.2 11.7 10.1 10.4
ck11 ck12 ck13 14.1 17.8 16.4 16.0 1.4 23.0
ck21 ck22 ck23 15.0 17.2 17.3
ck31 ck32 ck33 16.8 15.4 14.2
ip11 lp12 ip13 Ip14 10.2 12.1 10.0 10.3 10.6 0.9 18.2
mm11 mm12 mm13 17.1 15.9 14.9 16.9 1.1 20.9
mm21 mm22 mm23 18.3 17.9 16.8
mm31 mm32 mm33 15.3 18.1 17.2
mm41 mm42 mm43 17.6 17.8 16.1
Rm11 Rm12 9.0 7.1 10.1 1.7 55.6
Rm21 Rm22 12.6 9.5
Rm31 Rm32 11.5 10.5
Rm41 Rm42 11.3 9.1
bm11 bm12 bm13 bm14 14.5 11.1 10.4 11.3 13.3 2.2 41.8
bm21 bm22 bm23 bm24 13.1 14.8 15.9 15.7
cn11 cn12 cn13 cn14 10.3 12.3 11.0 11.0 10.8 1.8 42.0
cn21 cn22 cn23 cn24 14.1 9.7 9.6 9.2
cn31 cn32 cn33 cn34 14.1 9.8 9.3 9.3
Table A. 26 Thickness distribution of subject mpma
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 5.3 6.0 5.6 5.7 5.2 5.5 0.3 19.7
fb21 fb22 fb23 fb24 fb25 4.9 5.5 5.6 5.1 5.3
fb31 fb32 fb33 fb34 fb35 5.4 5.4 5.5 5.8 5.7
br11 br12 br13 br14 br15 5.7 5.8 6.5 7.0 6.2 6.2 0.5 21.2
tp11 tp12 tp13 9.4 11.5 9.6 10.6 1.5 44.5
tp21 tp22 tp23 9.5 10.0 10.1
tp31 tp32 tp33 10.5 10.7 14.7
tp41 tp42 tp43 9.4 11.3 10.7
zb11 zb12 zb13 zb14 9.2 7.6 8.9 7.3 8.1 0.7 23.0
zb21 zb22 zb23 zb24 7.9 7.3 8.1 8.2
zb31 zb32 zb33 zb34 8.0 7.4 7.8 9.1
za11 za12 za13 za14 za15 7.1 7.3 7.5 7.8 9.4 8.4 0.9 32.0
za21 za22 za23 za24 za25 7.5 9.2 10.1 9.2 8.9
za31 za32 za33 za34 za35 8.7 8.1 8.6 8.0 9.2
ck11 ck12 ck13 11.0 13.7 12.9 12.6 1.0 25.7
ck21 ck22 ck23 12.3 13.4 14.2
ck31 ck32 ck33 11.8 11.8 12.8
Ip11 Ip12 ip13 Ip14 10.5 9.3 10.3 10.3 10.1 0.5 12.4
mm11 mm12 mm13 16.9 14.8 15.0 16.6 1.3 21.5
mm21 mm22 mm23 16.6 17.6 18.3
mm31 mm32 mm33 15.2 17.4 16.6
mm41 mm42 mm43 15.3 17.5 18.2
Rnn11 Rm12 7.8 7.7 7.8 0.5 17.5
Rm21 Rm22 8.0 7.1
Rm31 Rm32 7.1 8.2
Rm41 Rm42 8.4 8.3
bm11 bm12 bm13 bm14 11.7 13.1 12.2 13.1 12.4 1.3 31.0
bm21 bm22 bm23 bm24 10.4 11.1 14.3 13.6
cn11 cn12 cn13 cn14 10.2 12.7 11.6 9.6 11.3 1.2 30.7
cn21 on 22 cn23 cn24 10.6 10.5 10.1 12.3
cn31 cn32 cn33 cn34 11.2 11.2 12.5 13.1
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Table A. 27 Thickness distribution of subject mpta
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 5.3 5.1 4.6 4.9 4.7 5.2 0.4 23.1
fb21 fb22 fb23 fb24 fb25 5.1 5.8 5.1 4.6 5.0
fb31 fb32 fb33 fb34 fb35 5.7 5.8 5.5 4.7 5.3
br11 br12 br13 br14 br15 4.3 4.2 4.9 5.3 4.3 4.6 0.5 23.0
tp11 tp12 tp13 11.0 10.1 10.4 11.3 1.8 50.6
tp21 tp22 tp23 14.7 10.8 12.7
tp31 tp32 tp33 9.4 8.8 10.0
tp41 tp42 tp43 11.6 14.0 12.1
zb11 zb12 zb13 zb14 7.5 6.3 6.3 8.9 6.8 0.9 49.8
zb21 zb22 Zb23 zb24 5.9 5.3 6.7 6.1
zb31 zb32 zb33 zb34 7.3 6.2 7.5 7.5
za11 za12 za13 za14 za15 7.5 7.2 8.4 9.9 7.5 7.8 0.7 34.8
za21 za22 za23 za24 za25 7.9 8.1 6.9 7.8 7.4
za31 za32 za33 za34 za35 7.9 8.3 6.9 8.4 7.3
ck11 ck12 Ck13 16.2 19.7 13.6 14.8 2.1 42.0
ck21 ck22 ck23 13.6 12.9 14.3
ck31 ck32 ck33 14.9 13.8 14.6
Ip11 Ip12 Ip13 Ipl4 10.8 9.1 8.1 8.9 9.2 1.1 28.9
mm11 mm12 mm13 19.9 19.8 15.2 17.0 1.6 26.9
mm21 mm22 mm23 16.4 18.1 17.0
mm31 mm32 mm33 15.7 16.1 16.1
mm41 mm42 mm43 15.8 16.3 17.6
Rm11 Rm12 9.3 8.2 8.4 1.2 38.6
Rm21 Rm22 7.4 7.5
Rm31 Rm32 10.9 7.6
Rm41 Rm42 8.6 7.7
bm11 bm12 bm13 bm14 12.7 10.2 12.0 9.4 10.9 1.2 30.1
bm21 bm22 bm23 bm24 10.3 10.6 10.0 11.9
cn11 cn12 cn13 cn14 15.4 14.3 12.5 15.1 12.7 1.9 40.9
cn21 cn22 cn23 cn24 11.3 11.8 15.3 10.2
cn31 cn32 cn33 cn34 11.7 10.3 12.2 12.0
Table A. 28 Thickness distribution of subject mwya
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.7 4.7 3.8 4.3 3.8 4.7 0.4 33.1
fb21 fb22 fb23 fb24 fb25 4.8 4.9 4.6 4.8 4.7
fb31 fb32 fb33 fb34 fb35 4.7 5.0 5.0 5.2 5.1
br11 br12 br13 br14 br15 5.5 5.0 5.4 5.7 4.5 5.2 0.5 23.9
tp11 tp12 tp13 15.6 13.5 10.5 14.4 1.9 44.4
tp21 tp22 tp23 15.8 16.6 15.9
tp31 tp32 tp33 13.2 16.0 15.4
tp41 tp42 tp43 12.7 11.8 15.5
zb11 zb12 Zb13 zb14 8.6 6.5 6.1 6.8 7.0 1.2 48.4
zb21 zb22 zb23 zb24 5.5 5.8 5.6 6.8
zb31 zb32 zb33 zb34 8.4 7.3 9.0 7.4
z a ll za12 za13 za14 za16 9.5 8.4 8.4 7.6 7.3 7.9 0.6 14.9
za21 za22 za23 za24 za25 7.1 7.9 7.3 8,4 7.5
za31 za32 za33 za34 za35 7.5 7.7 7.5 8.1 7.8
ck11 ck12 ck13 18.0 16.8 15.6 16.5 1.2 21.5
ck21 ck22 ck23 17.1 15.6 14.8
ck31 ck32 ck33 16.1 16.5 18.3
ip11 Ip12 Ip13 Ip14 10.0 8.6 9.8 10.6 9.7 0.9 21.7
mm11 mm12 mm13 18.9 18.2 17.6 17.6 1.1 15.9
mm21 mm22 mm23 18.4 16.8 19.0
mm31 mm32 mm33 16.2 16.5 17.0
mm41 mm42 mm43 17.8 16.3 19.0
Rm11 Rm12 10.0 7.1 8.3 1.1 34.1
Rm21 Rm22 9.2 7.3
Rm31 Rm32 9.3 7.1
Rm41 Rm42 8.5 8.0
bm11 bm12 bm13 bm14 12.1 10.9 10.3 14.3 12.8 1.9 38.6
bm21 bm22 bm23 bm24 15.3 13.6 11.1 14.5
cn il cn12 cn13 cn14 8.3 11.7 10.2 9.9 9.8 1.1 36.6
cn21 cn22 cn23 cn24 9.2 10.2 10.6 9.6
cn31 cn32 cn33 cn34 11.3 8.1 9.0 9.9
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Table A. 29 Thickness distribution of subject mxaa
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 5.2 5.3 5.1 4.9 5.3 5.5 0.4 25.0
fb21 fb22 fb23 fb24 fb25 5.3 6.0 5.8 5.4 6.0
fb31 fb32 fb33 fb34 fb35 5.3 5.9 6.3 5.5 5.0
br11 br12 br13 br14 br15 4.6 6.1 5.9 5.5 6.0 5.7 0.6 28.0
tp11 tp12 tp13 9.7 10.7 13.1 10.3 1.2 32.1
tp21 tp22 tp23 11.3 11.9 9.8
tp31 tp32 tp33 9.5 9.6 9.6
tp41 tp42 tp43 10.0 9.7 9.6
zb11 zb12 zb13 zb14 5.6 5.8 6.4 5.8 7.2 1.4 50.6
zb21 Zb22 Zb23 zb24 6.5 6.0 7.9 7.7
zb31 zb32 zb33 zb34 6.7 9.4 9.1 9.5
za11 za12 za13 za14 za15 7.3 7.1 7.1 6.9 8.3 7.5 0.5 17.2
za21 za22 za23 za24 za25 8.2 7.2 7.7 7.1 8.1
za3l za32 za33 za34 za35 7.6 8.3 7.3 7.3 8.1
ck11 ck12 Ck13 14.5 15.6 15.9 14.1 1.7 30.6
ck21 ck22 ck23 14.9 11.7 12.8
ck31 ck32 ck33 11.7 13.9 15.7
ip11 ip12 ip13 Ip14 10.9 10.0 10.2 8.4 9.8 1.1 26.2
mm11 mm12 mm13 15.3 14.5 14.2 15.4 1.3 31.2
mm21 mm22 mm23 17.9 13.1 16.4
mm31 mm32 mm33 15.1 16.1 14.5
mm41 mm42 mm43 15.2 15.8 16.4
Rm11 Rm12 8.7 8.4 8.2 1.0 32.2
Rm21 Rm22 7.2 7.1
Rm31 Rm32 9.5 7.4
Rm41 Rm42 7.8 9.8
bm11 bm12 bm13 bm14 10.3 11.4 12.9 12.6 10.9 1.3 30.6
bm21 bm22 bm23 bm24 9.5 9.6 9.9 11.0
cn11 cn12 cn13 cn14 10.8 9.9 9.1 8.6 8.8 0.9 32.6
cn21 cn22 cn23 cn24 9,1 8.9 9.0 8.0
cn31 cn32 cn33 cn34 9.4 8.3 7.8 7.8
Table A. 30 Thickness distribution of subject mxca
Position Mean S.D. Range
fb11 fb12 fb13 fb14 fb15 4.3 4.0 4.3 4.0 4.4 4.3 0.2 13.9
fb21 fb22 fb23 fb24 fb25 4.4 4.2 4.1 4.1 4.1
fb31 fb32 fb33 fb34 fb35 4.2 4.6 4.3 4.5 4.2
br11 br12 br13 br14 br15 4.7 4.2 4.9 5.6 5.0 4.9 0.5 28.6
tp11 tpl2 tp13 9.6 9.4 9.6 10.4 1.2 30.2
tp21 tp22 tp23 9.1 12.0 12.3
tp31 tp32 tp33 9.5 10.5 11.3
tp41 tp42 tp43 9.4 11.5 11.3
2b11 zb12 zb13 zb14 6.9 6.5 7.2 6.4 7.2 0.5 22.2
zb21 zb22 zb23 zb24 6.7 8.1 7.1 7.4
zb31 zb32 zb33 zb34 7.4 7.5 7.4 8.1
za11 za12 za13 za14 za15 8.1 8.3 9.7 8.6 10.8 8.9 1.7 55.6
za21 za22 za23 za24 za25 7.1 7.2 7.1 10.3 12.5
za31 za32 za33 za34 za35 7.9 7.2 11.4 10.0 8.2
ck11 ck12 ck13 11.7 14.9 13.4 15.5 2.0 41.0
ck21 ck22 ck23 16.4 17.3 17.7
ck31 ck32 ck33 15.2 16.9 16.2
Ip11 Ip12 Ip13 ip14 10.2 8.3 8.0 7.9 8.6 1.1 25.7
mm11 mm12 mm13 16.9 17,3 17.3 17.0 0.7 13.2
mm21 mm22 mm23 17.9 15.7 16.3
mm31 mm32 mm33 16.1 17.6 16.4
mm41 mm42 mm43 17.8 17.7 17.4
Rm11 Rm12 9.2 7.2 9.9 1.5 48.1
Rm21 Rm22 9.1 9.5
Rm31 Rm32 10.2 11.7
Rm41 Rm42 10.6 11.6
bm11 bm12 bm13 bml4 11.6 11.4 11.0 10.2 11,9 1.7 39.7
bm21 bm22 bm23 bm24 13.6 15.2 11.5 10.8
cn11 cn12 cn13 cn14 10.1 11.2 9.8 8.2 8.6 1.2 44.3
cn21 cn22 cn23 cn24 8.2 9.0 7.2 8.3
cn31 cn32 cn33 cn34 8.0 7.9 7.8 8.0
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Table A. 31 Thickness distribution of subject myia
Position fVlean S.D. Range
fb ll fb12 fb13 fb14 fb15 4.4 4.7 4.9 4.6 4.5 5.3 0.6 38.5
fb21 fb22 fb23 fb24 fb25 6.0 6.5 5.2 5.2 5.1
fb31 fb32 fb33 fb34 fb35 6.2 5.3 5.5 5.4 5.4
b ril br12 brl3 br14 br15 5.6 5.4 5.9 5.4 4.8 5.5 0.4 20.6
tp ll tp12 tp13 9.3 10.0 13,4 11.0 1.4 36.5
tp21 tp22 tp23 13.0 9.6 9.8
tp31 tp32 tp33 11.6 11,4 9.4
tp41 tp42 tp43 11.9 10.8 12.0
z b ll zb12 zb13 zb14 6.1 6.3 8.1 6.8 7.3 0.9 37.4
zb21 zb22 zb23 zb24 9.0 8.6 8.0 7.5
zb31 zb32 zb33 zb34 7.7 6.7 6.6 6.8
z a ll za12 za13 zal4 za15 7.5 11.9 10.7 7.2 11.4 9.7 1.6 49.7
za21 za22 za23 za24 za25 9.5 9.9 11.7 11.9 9.4
za31 za32 za33 za34 za35 7.6 9.4 9.5 9.3 8.6
ck ll Ck12 ck13 16.6 12.3 14.3 13.8 1.6 31.6
ck21 ck22 ck23 13.9 12.1 12.3
ck31 ck32 ck33 14.7 13.1 15.4
Ipll Ip12 ip13 Ip14 9.2 9.3 8.3 8.7 8.8 0.5 11.5
m m ll mm12 mm13 13.9 12.5 15.7 15.5 1.8 35.8
mm21 mm22 mm23 12.7 14.1 15.8
mm31 mm32 mm33 16.0 16.5 17.9
mm41 mm42 mm43 17.3 17.6 16.5
R m ll Rm12 8.6 8.0 8.1 0.7 22.7
Rm21 Rm22 9.0 7.2
Rm31 Rm32 8.9 7.6
Rm41 Rm42 7.9 7.3
bm ll bm12 bm13 bm14 12.0 15.6 11.6 10.9 13.1 2.0 35.7
bm21 bm22 bm23 bm24 14.9 13.8 15.1 11.1
cn il cn12 cn13 cn14 9.0 10.0 8.8 8.8 9.9 1.1 31.4
cn21 cn22 cn23 cn24 10.2 10.6 8.7 9.7
cn31 cn32 cn33 cn34 11.0 11.2 11.9 9.0
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Gentex HGU-55/P Helmet Structure and Performance
The Gentex HGU-55/P helmet consists of a helmet shell, impact attenuation liner, 
comfort layer (not shown), visor assembly, headset assembly, earcup, strap and pad. 
The following performances are extracted from its product information.
Visor
Helmet Shell
Headset
Earphone
Cord
Chin Strap and Pad Nape Strap and Pad
Impact Energy Attenuation
The HGU-55/P helmet assembly with TPL® liner limits the acceleration imparted to a 
test headform to approximately 200g with an input energy of 35 foot-pounds, single 
impact, hemispherical anvil, using ANSI Z90.1 methodology as specified in MIL-H- 
87174.
Penetration Resistance
The helmet assembly with liner limits penetration of a 16 oz. test bob into the shell to 
not more than inch from a drop height of 10 feet when tested in accordance with 
MlL-H-87174.
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Windblast Resistance
When tested as specified in MIL-H-87174, the complete helmet assembly does not 
tear away from the headform, loosen or break during windblast velocities of 450 knots 
(±20 knots) equivalent air speed (KEAS) at the attitudes below:
Head on
45° yaw to the right 
45° yaw to the left 
30° pitch aft
Visors
Gentex visors are polycarbonate and meet all performance requirements of MIL-V- 
43511. They have an abrasion resistant coating on the front and rear surfaces in 
accordance with MIL-C-83409. Laser visors meet the requirements of MIL-V-22272.
Sound Attenuation
The helmet assembly with TPL liner and H-154A/AIC headset meets the sound 
attenuation values (see graph) when tested in accordance with ANSI Z24.22-1957 and 
also meets the requirements of MIL-E-83425.
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Appendix C Technical Specifications of AD Board
Technical Specifications of AD Board
Signal Inputs
Bandwidth (-3 dB): 
Sampling Rate:
Memory Depth: 
Resolution:
Full Scale Voltage Range: 
Input Impedance:
Input Coupling:
Input Range:
Max. Input:
Offset Range:
Accmacy:
125 MHz 
250 MSPS 
256k 
8 bits
100 m V - 2 V 
1 Mohm //15 pF 
DC, AC, GND 
+/- 20 V 
±50 VDC 
±0.5 V 
±2%
Timebase
Range:
Accuracy:
Resolution:
Sample Clock Rate: 
External Clock In:
10 ns/div to 100 s/div 
±0 .1%
4. ns
1 Hz to 250 MHz 
DC to 50 MHz
Trigger
Type:
Tlu’eshold Range: 
Tlueshold Setability: 
Pre-Trigger: 
Coupling:
+, - slope, adj. tlueshold 
10 divisions
0.05 divisions 
0 to 100%
DC, AC
Appendix D Questionnaire for In Vivo Facial Soft Tissue Thicloiess Measurement
Questionnaire fox In Vivo Facial Soft Tissue Thickness 
Measurement
Number:
Gender Age
Etlmic group:
Zone of resic ence:
Height (m) Weight (kg)
Body type
Skin type (e.g. dry)
Face shape
Current or recent 
use of ointment
Sun exposure
Otlier notes (e.g. food 
consuming)
Data code
Appendix E Informed Consent Form
In Vivo Facial Soft Tissue Thicloiess Measurement Research 
Project
INFORMED CONSENT FORM
Investigation into the facial soft tissue thickness using A-scan ultrasound. 
Supervisor — S C  Hughes, Director of BioMedical Engineering 
Research Student — Haidoiig Liang, PhD student in BioMedical Engineering
I give my consent to be a volimteer in the experimental investigation into the facial 
soft tissue thickness using A-scan ultrasound, I have been given a written protocol.
I declare that:
a) The procedure of testing has been fully explained to me and I understand it. I 
understand that my involvement in this experimentation is entirely voluntary.
b) I have been fully informed of my right to decline to participate and having 
accepted. I understand that I can withdraw from the study at any time without giving 
reason.
c) I am in good health and laiow of no reason why I should not participate in this 
experimentation. To the best of my knowledge I have no allergenic skin response to 
wound dressings.
d) I am over the age of 18.
e) I understand that all results will be treated in the strictest confidence and will be 
referred to only by number.
Name:
Address:
Signatiue: date:
Appendix F Laser Scanning and Facial Soft Tissue Thickness Measurement Protocol
Laser Scanning and Facial Soft Tissue Thickness 
Measurement Protocol
Haidong Liang May 1997
Laboratories 3 0 AC20/31AC20 
BioMedical Engineering Group 
Dept, of Mechanical Engineering 
University of Surrey
A-scan ultrasoimd thickness measmement system
Signal acquisition unit (SAU)
personal computer (PC) 
data analysis of ultrasound signal
Cutech Dermal Monitor (DM) 
ultrasoimd trigger pulse & signal amplification
Laser scanning system
Infrared light laser
CCD Sony Avacam video camera
personal computer (PC) 
data analysis of laser signal
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Appendix F Laser Scanning and Facial Soft Tissue Thickness Measurement Protocol
Introductory remarks
• The volunteer will be allowed to become familiar with the surroundings and the 
equipment. Laser scanning is in room 31AC20, and facial tissue thickness 
measurement in room 30AC20. Laser scanning lasts about 10 minutes and tissue 
measurement lasts about 1 hour. Breaks will be permitted as requested by the 
volunteer. There will be no fewer than 3 breaks.
• The subject's details will be recorded by using the questionnaire previously 
submitted, and will also be assigned a subject code number to ensure confidentiality. 
The ambient temperature and relative humidity will also be recorded.
• The measurement procedure and purpose of the study will be explained to the 
subject. Then they will be laser scanned and facial soft tissue thickness at 112 sites 
will be measured with the ultrasound probe. It is emphasised that the volunteers have 
the right to withdraw from the study at any stage without giving reasons.
Laser scanning:
1. The volunteer is seated in the laser scanner chair and is asked to hold still.
2. Next, the chair is raised until the dome of the head is just in contact with the 
reference rod.
3. The chair is then rotated 90° and is adjusted fore and aft to align the auditory meatus 
in the plane of the laser beam. The chair is rotated a further 180° and adjusted to 
ensure the opposing auditory meatus lies in the plane of the laser as well. This 
adjustment is repeated to achieve optimum position.
4. The chair is rotated so that the laser beam illuminates the selected approximate 
mid line profile of the scan.
5. When the subject is positioned, the scanning procedure begins. The chair will be 
automatically rotated 360° so that the subject’s head is scanned.
6. The scan duration lasts not more than 20 seconds in all.
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Appendix F Laser Scanning and Facial Soft Tissue Thickness Measurement Protocol
Ultrasound thickness measurement;
The tissue thiclmess is measured by ultrasound. This well established technique is in 
régulai' medical use for a range of diagnostic methods including foetal examination. At 
the beam power levels used here, it has no reported side effects. The ultrasound probe 
requires the use of a water based ultrasound gel onto tlie skin. Gross movements by the 
subject needs to be avoided. Muscle twitches and eye flicker do not appeal' to affect the 
measurements.
1. Measurement is performed with the subject seated in a slightly reclined position.
2. The non-allergic ultrasoimd gel will be applied to the probe tip to give comfortable 
and good acoustic contact.
3. The facial sites to be measured will be chosen. The exact location will be determined 
by the requirement for a reliable ultrasound echo. Obtaining reliable echoes from the 
cheek is often time consuming, so the technique of lightly puffing the cheek may be 
used to delimit the cheek.
4. The probe will be positioned, at the chosen site, normal to the skin surface and the 
thickness at that site will be recorded.
This measurement procedure will be repeated for the subsequent tissue sites (112 sites).
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